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 Th is thesis attempts to resolve the contradictory relationship between 
the ecological merits of wood construction and the signifi cant material intensity 
of recent free form timber surface structures. Th e building industry is now adept 
in the design and construction of freeform surface architecture, however new 
challenges have been introduced with the environmentally conscious desire to 
build these structures in wood. Lacking the formal versatility of steel and concrete, 
wood introduces a great deal of diffi  culty in the realization of complex form at 
an architectural scale. Powerful digital design and fabrication tools have recently 
made it possible to model, analyze and construct these buildings, but at the cost 
of heavy structural solutions that involve energy intensive fabrication processes 
and signifi cant material waste. Th is approach contradicts the ecological benefi ts 
of wood, and raises the question of whether it is possible to achieve free and 
expressive form in timber surface architecture while maintaining an economy of 
means and material.
Th is question is addressed through the development of a generative design tool 
for the creation of material conscious free form timber surface architecture. Th e 
formation of the tool is informed by the fi eld of computational morphogenesis, 
which draws from the natural growth processes of biological structures in the 
virtual synthesis of form. Th e tool is conceived as a morphogenetic material 
system, which consists of a generative algorithm that integrates material, structure 
and form in a single computational process. Specifi c material saving techniques 
deployed in the algorithm draw from existing research in timber shell design and 
material optimization. Established methods in the use of geodesic lines for the 
structural patterning of wood shells and stress driven material distribution make 
up the core concepts deployed in the algorithm. Th e material system is developed, 
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Th e thesis is structured in six chapters, the fi rst introduces the problem 
of material intensity in free from timber surface archicture and the proposed 
solution via the creation of a design tool understood as an integrated material 
system; the second provides relevant background information for understanding 
this specifi c class of structure and building material; the third interrogates the 
problem through the critical assessment of two case study projects; the fourth 
presents a guiding design paradigm and reviews existing research evoked in 
the formation of the material system, the fi fth chapter presents the practical 
application of the material system in an exploratory design project; and the last 
concludes the work and presents potential areas for future research.
Th e second chapter is broken into three sections. Th e fi rst locates the free 
form timber lattice shell within the broader classifi cation of structural systems 
and introduces basic shell theory, the second provides a brief historical overview 
of the technical foundations of timber shells and the last introduces the practical 
and ecological implications of employing wood in contemporary timber surface 
architecture.
Th e third chapter consists of a critical assessment of the design methods 
for two timber shell projects that represent the poles in a spectrum of design 
objectives divided by their prioritization of form or material. Th e fi rst case study 
of the Centre Pompidou-Metz by Shigeru Ban addresses the issue of material 
intensity in recent free form timber surface architecture, presenting key issues 
that led to the project’s signifi cant material waste. While the second case study 
of the Mannheim Multihalle by Frei Otto addresses the question of whether 
existing paradigms for seeking lightness and effi  ciency in timber shells could be 
applied to more free and expressive forms. From the case studies it is evident 
that to date complex form and material effi  ciency have been mutually exclusive 
design objectives in timber surface architecture. Th e pursuit of free form has 
led to material intensity, and the prioritization of material effi  ciency has led to 
formal constraint. From this it is determined that an alternative design method 
is required if both objectives are to be obtained in a single system.
Th e fourth chapter is divided in three sections. Th e fi rst presents the fi eld 
of computational morphogenesis as a design paradigm well suited to addressing 
the problem of material effi  cient free form in timber surface architecture. Th e 
second presents existing knowledge in the use of geodesic lines as the geometric 
means of capturing the physical behaviour of the timber strip, and the third 
introduces stress driven material distribution as a method for embedding the 
eff ects of gravity within the system.
Th e fi fth chapter focuses on the development of the material system through 
the documentation of an architectural installation. Th e design and construction 
of the installation reveals the strengths and limitations of the system, and provides 
the means to refi ne and test the generative algorithm, fabrication methods and 
assembly routines. Th e construction of several scale-models and a larger scale 
surface structure grants the opportunity to obtain an intuitive knowledge of the 
material and its relationship to form and structural performance. It also allows 
for iterative refi nements of structural layouts, boundary conditions, layering 





Over the last fi fty years surface structures have piqued the interests of many 
architects and engineers for their architectural purity and great potential for 
innovation. Th e elegant integration of structure and skin appeals to the desire 
to do ever more with less, and grants a refreshing departure from the ubiquity 
of the structural frame.   Th e inherent design challenges of surface structures 
also provide fertile ground for the application of technological developments in 
building materials, design tools and construction techniques. Over the last two 
decades the building industry has become adept in the analysis, rationalization 
and construction of complex surface architecture. Integrated teams of architects, 
engineers and fabricators now employ sophisticated digital tools to design and 
build projects that would have been considered unbuildable only years prior.1  
SANAA’s Rolex Learning Centre (Figure 1.1) and Toyo Ito’s Island City 
Central Park (Figure 1.2) are examples of surface driven building designs 
that employ innovative structural solutions and attain novel spatial qualities. 
Th ese projects are rooted in the legacy of thin shell structures established in 
the nineteen-fi fties and sixties by architect engineers like Felix Candella, Pier 
Luigi Nervi and Heinz Isler. Th e clear and focused design objective, to achieve 
maximal performance with minimal material, led to the creation of thin shell 
structures that spanned unprecedented distances with incredible lightness. 
(Figure 1.3) Due to their association with the accomplishments of these master 
builders, recent surface architecture is often viewed under an aura of structural 
lightness and material effi  ciency. However, these projects often possess poor 
structural performance, as the buildings often stray from the pure structural 
forms of their predecessors. Th ese buildings perform poorly in this area because 
form is the primary determinate of structural behaviour in surface architecture. 
Th e fl exibility of form does serve the need to respond to a wider range of design 
aspirations, but often comes at the cost of greater material intensity; a growing 
cause for concern amidst the current crisis of consumption in the building 
industry.2  
Th e discomfort with the wasteful use of material in contemporary free form 
surface architecture has fortunately led to signifi cant improvements in structural 
1 Bechtold 2008
2 Material consumption in the building industry is steadily rising. See section 2.3.
Figure 1.2  Island City Central Park; Fukuoka, Japan. (2005)
Figure 1.1  Rolex Learning Centre; Lausanne, Switzerland. (2010)
Figure 1.3  Valencia Oceanografi c; Spain. Felix Candela. (2002) 
3
performance and manufacturing methods.3  While most of these advancements 
have focused on steel and concrete structures, the unique attributes of wood, 
primarily its ecological benefi ts, have raised interest in its viability as a high 
performance building material for these structures. It has become attractive to 
many architects as it is the only building material that is renewably sourced, 
carbon neutral and low energy.4  Th e interest in employing wood in these 
buildings is evident in recent experimental research projects (Figure 1.4-6), 
emerging specialist consulting and fabrication companies5, as well as the recently 
completed works of architect Shigeru Ban. (Figure 1.7-8)
Th e most ambitious of recent projects is Ban’s Centre Pompidou in Metz, 
a ground-breaking project within this special class of structure for its formal 
complexity and use of advanced digital fabrication techniques. Its sweeping 
timber lattice achieves unprecedented fl uidity and formal expression, but at 
the cost of great material consumption. Due to the diffi  culty involved with the 
construction of complex surfaces in wood, the project is overshadowed by its 
heavy structure and material intensive fabrication processes. In order to produce 
the timber girders that could conform to the complex geometry of the structural 
lattice, it was necessary to create oversized members that were then milled 
down to achieve the desired shape. As a result, fi fty percent more material was 
required in the fabrication process.6  Th e signifi cant material waste incurred not 
only contradicts the tradition of structural lightness and material effi  ciency in 
surface structures, but it also undermines the ecological benefi ts of employing 
wood in these projects. As the only building that has attained such a level of 
formal complexity it raises the question of whether it is possible to achieve free 
and expressive form in timber surface architecture without incurring excessive 
material waste. 
It is clear that we require a very diff erent design method than the one 
employed in the creation of the Centre Pompidou. Its material intensity is 
a consequence of its top-down design method, a process in which form and 
structure were developed in isolation with little consideration for the behaviour 
of the material and variations in loading conditions. Th e fi eld of Morphogenetic 
Design, pioneered by Michael Hensel, Achim Menges and Michael Weinstock, 
3 Bechtold 2008
4 More information in section 2.3.
5 SJB Kemper Fitze and Lehmann Timber Construction are examples of private companies 
focused on the construction of complex timber architecture.
6 Menges 2010, P 153.
Figure 1.4  ICD/ITKE Research Pavilion 2010
Figure 1.5  ICD/ITKE Research Pavilion 2011
Figure 1.6 AA/ETH Pavilion 2011
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off ers an alternative design paradigm that employs a bottom up approach to 
the materialization of form. It uses an algorithmic process that simultaneously 
considers material characteristics and performance objectives. Rather than 
viewing architecture as static assemblies of building components, this paradigm 
views architecture as dynamic “material systems”. Th ese systems combine material 
characteristics, geometric behaviour, manufacturing constraints, assembly logics 
and performance requirements within an integrated computational model. Th is 
integration requires an understanding of material, structure and form not as 
separate, but as deeply interrelated elements.7  Th is design method is modelled 
on the growth processes of natural material structures that result from internal 
physical constraints and external forces. Natural systems serve as excellent sources 
of inspiration as they typically use energy and material far more eff ectively than 
those in industry.8  
To address the issue of material intensity in these structures, a morphogenetic 
material system is developed that can be employed in their design. Th e basic 
aim of the system is to ensure the structural members can be manufactured 
easily with little waste and to distribute loadbearing material as effi  ciently as 
possible. Th e generative algorithm is modelled on natural growth processes of 
fi brous structures like trees and bones, where material is added and removed 
in response to changes in loads acting upon them. Th e result is a light timber 
lattice of layered wood strips pinned together in a robust structural network. 
(Figure 1.9) Although the wood members bend and twist across the surface, 
they unroll into perfectly straight lines ideally suited to simple material saving 
fabrication techniques. Th e spacing of the structural members also varies across 
the surface to increase material density where it is needed most. To achieve 
this, the system embeds the physical behaviour of wood and its manufacturing 
constraints within its generative rules, and also considers the external infl uence 
of gravity on the system to drive the allocation of material relative to changes in 
loading conditions. Within the computational model geometric associations are 
established using rules that create interdependencies between material capacity, 
structural performance and surface topology. 
To capture the physical behaviour of the material within the generative 
rules, the system draws from existing research in the use of geodesic lines for the 
7 Menges 2008
8 Jeronimidis 2005, P 1.
Figure 1.7  Centre Pompidou-Metz, Shigeru Ban 2010
Figure 1.8  Nine Bridges Club House, Shigeru Ban 2010
Figure 1.9  Stochastic Lattice – Layered Wood Strips
5
structural patterning of free form lattice shells.9(Figure 1.10)  Geodesic lines off er 
the ideal mathematical means to translate the geometric limitations of the simple 
timber strip into the computational model. Th e method used to respond to the 
infl uence of gravity acting on the system stems from the fi eld of stress driven 
material distribution in biology and engineering. Th e deposition of material in 
response to changes in stress within biological structures has been adopted by 
contemporary engineering in the design of material effi  cient structures. (Figure 
1.11) Th e use of the fi nite element method for structural analysis provides the 
means to derive an overall density map of the structure in relation to the stresses 
within the surface. As a morphogenetic material system, the computational 
model simulates a natural growth process driven by internal material constraints 
while being infl uenced by external forces. It simultaneously considers material 
behaviour and structural performance to avoid material intensive fabrication 
processes and wasteful distribution of material throughout the structure.
9 See Natterer 2002; Pirazzi and Weinand 2006; Cabrinha 2008; Pottman 2010.
Figure 1.10  Expodach Hannover Pavilion | Geodesic Lines for Structural 
Patterning (2000)
Figure 1.11  Unikabeton Pavilion | An Example of Stress Driven Material 
Distribution in Concrete (2009)
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2.1 | Structure and Form
2.1.1 Structural Classifi cation
Figure 2.1  Surface Structures Classifi cation
Surface structure types redrawn from Bechtold 2008, P 4. Rigid shell types by author.
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Solid , skeletal and surface structures comprise the three major categories 
typically employed in the classifi cation of architecture by structural system. 
Th ese classes do not possess clear boundaries within which every architectural 
project can be neatly located but rather represent points of purity within a 
blended spectrum containing many combinations and hybrid types between. 
Surface structures are of primary interest to this work, but as a major class of 
structure there are several sub-classes and types within, and it is important to 
understand how free form timber surface architecture fi ts within the broader 
context of these structural systems. 
Solid structures involve heavy masonry construction consisting of thick 
structural walls of brick, stone, concrete or earth that transfer forces to the 
ground primarily through compression. An excellent example of this broad 
structural typology is the imperial architecture of ancient Rome with its various 
combinations of stone, brick and concrete. (Figure 2.2) Skeletal structures are 
the most ubiquitous architectural structures today and consist of a number of 
frame and truss systems of linear elements assembled in a variety of ways. Skeletal 
systems range from simple one way orthogonal framing systems to intricate 
three dimensional space frames. All skeletal systems distribute and transfer loads 
in linear patterns, but depending on their confi guration and connections they 
may experience a combination of tension, compression, bending and shear.1 
(Figure 2.3)
  Rather than transferring loads through heavy masses of material or 
hierarchies of linear elements, surface structures diff use loads throughout a 
surface or membrane such that the forces acting through the structure are as 
evenly distributed as possible. 
Surface structures are divided into rigid and non-rigid sub classes. Non-
rigid surfaces are composed of fl exible membranes that act only in tension and 
achieve stiff ness through careful prestressing. Th is sub class includes tensile 
membranes, cable nets and pneumatic structures. Rigid surface structures such 
as shells and folded plates achieve strength and stiff ness through curvature and 
folding respectively, and can experience both tension and compression. Th e 
investigations throughout the thesis fall within rigid shell class, within which 
there are four major shell types:  the monocoque, semi-monocoque, lattice and 
grid shell. (Figure 2.1) 
Th e monocoque shell, meaning ‘single shell’ is the classic conception of 
1  Moussavi 2009, P 48.
Figure 2.2  18th Century engraving of Ponte Milvio in Rome (206 BC), by 
Giovanni Battista Piranesi.
Figure 2.3  Basic Skeletal Structural Types
Moussavi 2009, P 49.
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a shell structure, consisting of a continuous thin surface transmitting evenly 
distributed loads over large spans. Th ere were a large variety of such shells built 
using reinforced concrete during the 1950’s and 60’s throughout Europe and 
the Americas. Monocoque shells are not easily built using wood, but the First 
United Methodist Church in Gilford New Hampshire (1970) is one such 
example.(Figure 2.4) Th e two hyperbolic paraboloid monocoque shells are built 
up using three layers of plywood in alternating directions and one layer of bent 
boards on the inner most layer. 
Th e semi-monocoque or stressed skin shell consists of a thin surface that 
works in conjunction with stiff ening ribs. Th is shell type is most commonly 
used for aircraft fuselages built from wood or aluminum, but it has also been 
widely used in architectural applications.2 Th e hypar shells of the Wilkhahn 
production plant in Bad Munder, Germany designed by Frei Otto in 1987 are 
very similar in form to the church mentioned above but employ slender ribs 
that greatly contribute to the structural integrity of the buildings, making them 
semi-monocoque shells.3 (Figure 2.5) 
Rather than distributing loads throughout a continuous surface, lattice and 
grid shells gather forces into discrete elements. Lattice and grid shells can be 
understood as a hybridization of the surface and skeletal structural typologies. 
Lattice shells are composed of relatively short linear members that are welded or 
mechanically fastened at their nodes to create faceted approximations of smooth 
surfaces. Th e purest lattice shells are most commonly built in steel due to the 
strength required in the joints, if the structure is to be glazed or left open. (Figure 
2.6) In wood, lattice shells are typically strengthened by a layer of sheathing, 
making them similar to semi-monocoque shells. Th e distinction between a 
sheathed lattice shell and a semi-monocoque shell is whether the outer surface or 
inner lattice transfers the majority of loads acting on the structure, a distinction 
that is sometimes diffi  cult to make. A specialized type of timber lattice shell is 
the lamella system or reciprocal frame, which has been used extensively in the 
construction of timber surface structures. To address the issue of weak nodal 
connections in timber construction, the system limits the number of members 
joined at a given node by making each element span two bays and meet adjacent 
members at their midpoints. (Figure 2.7)
Where lattice shells are composed of short elements joined together to 
2  Bechtold 2008, P 9.
3  Muller 2000, P 153. 
Figure 2.4  Timber Monocoque Shell 
First Methodist Church, 
New Hampshire (1970)




Figure 2.6  Steel Lattice Shell British Museum Great Court Roof (2000)
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achieve larger spans, grid shells are composed of long continuous members that 
span the entire length of the shell. Timber grid shells begin as fl at rectilinear 
grids of continuous laths, which are raised or lowered to achieve the form of the 
shell. Th e double curved form of the shell is achieved by skewing the rectilinear 
grid as the laths bend into their fi nal positions. Th e timber grid shell system is 
of particular interest within this thesis as it has been employed to create some of 
the most material effi  cient shell structures in history; the Mannheim Multihalle 
by Frei Otto is one such project and will be explored in detail in the second 
Chapter.(Figure 2.8)
Th e system developed in this thesis forms a new hybrid type between the 
gridshell and reciprocal frame. Members are dry bent into place on site and 
restrained via nodal connections like the gridshell, yet members span only 
partially across the surface like the reciprocal frame. Both the new system and 
the reciprocal frame depend on connections between members within the lattice 
for strength and rigidity; but the new system has much deeper and more robust 
interconnections as a single member is joined to many others, as opposed to a 
single member only spaning between two others as in the lamella system.
 
2.1.2  Structural Behaviour and Form
 
Th e major assumption of basic shell theory is that shells with evenly 
Figure 2.7  Timber Lamella Structure - Bad Sulza Thermal Baths (1999) 
Figure 2.10  Illustration of the Catenary Line and Analysis of the Dome of St. 
Peter’s Basilica in Rome | Poleni (1748)
Figure 2.8  Mannheim Multihalle | Frei Otto (1975)
Figure 2.9  Membrane Stress in a Shell Element
Toussaint 2007, P 19.
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distributed loads develop only membrane stresses, which consist of normal 
and in-plane shear stresses. (Figure 2.9) Shells acting through membrane stress 
experience minimal bending, which greatly contributes to the extreme thinness 
of shells relative to their spans. Th is is due to membrane stress being far less 
demanding of load bearing material than bending stress. Th e even distribution 
of force throughout a shell structure such that it creates only membrane stress 
is highly dependent on the form of the structure.  A common misconception 
is that all double curved surfaces act as membrane stress shells with material 
effi  cient structural behaviour, but there are limited structural morphologies that 
lend themselves to thin shell behaviour in the purest sense.4  Th e key to achieving 
membrane action in rigid thin shells is to ensure the stresses arising from self-
weight are evenly distributed throughout. Th ere are two primary methods 
for generating membrane stress shell geometry. Th e fi rst involves hyperbolic 
paraboloids and the second equilibrium surfaces, both of which are related to 
the catenary.  Th e catenary can be understood as the shape that a chain takes by 
virtue of its own weight under the force of gravity when hanging between two 
supports. As such, the chain acts in pure tension, and if under the same load that 
curve acts in pure compression when inverted.5(Figure 2.10)
 
“ut pendet continuum fl exile, sic stabit contiguum rigidum inversum”
As hangs the fl exible line, so but inverted stands the rigid arch. Robert Hooke (1675)
Th e catenary arch achieves its structural performance by acting though 
direct compression, keeping the thrust line within the center of the material and 
4 Bechtold 2008
5  Allen 2010, P 348.
Figure 2.11  Geometry of the Hyperbolic Paraboloid
Siegel 1975, P 252.
Figure 2.12 Heimberg Tennis Court Hall | Heinz Isler (1979)
Figure 2.13  Inverted Plaster Mesh Cast Models | Heinz Isler (1979)
Moussavi 2009, P 49.
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thus avoiding bending stress. Th e parabola serves as a reasonable approximation 
of the catenary line and is more readily employed in construction due to its 
geometric defi nition. Th e parabolic arch has been used extensively in architectural 
applications, but there are also a number of ways of employing the parabola in 
the creation of surface geometry. Th e most notable of which is the hyperbolic 
paraboloid, which off ers the geometric means for the creation of membrane stress 
shells. Hyperbolic paraboloids possess hyperbolic and parabolic cross sections, 
and in a way can be considered a three dimensional extension of the parabolic 
arch, also achieving its structural performance through its relation to the catenary. 
Hypars off er not only structural advantages but economy in construction as well. 
As ruled surfaces they can be constructed using only straight lines despite their 
double curvature, which greatly simplifi es their construction.6(Figure 2.11) As 
the catenary line achieves greater performance than the parabola, so too does the 
catenary surface outperform the hyperbolic paraboloid.  Th e catenary surface 
can be determined using a variety of analogue form fi nding techniques, such 
as  hanging chain models or plaster mesh casts(Figure 2.13), that when inverted 
represent optimized membrane stress shells. 
  Although there is wide variety of forms that can be produced using 
hyperbolic paraboloids and catenary surfaces, they do impose signifi cant 
limitations on the design space. Th e desire to relax the formal restrictions of 
pure structural morphologies coupled with the ubiquity of advanced surface 
modelling tools has led to the exploration and production of a vast array of 
surface geometries in recent decades. Some of which stray so far from the pure 
structural shells described above that they are completely unsuitable for carrying 
loads. For example, Frank Gehry’s sculptural surfaces often depend on deep 
moment frames for structural support. Th ere are also hybrid surface structures, 
which fall short of membrane stress shells but are still capable of taking load.
(Figure 2.14) As surface geometry strays from pure structural forms, the irregular 
curvature can give rise to variant loading conditions and bending stress which 
reduces structural performance.7Th is characterizes one of the major challenges 
to be addressed in the coming chapters, the creation of material effi  cient free 
form timber surface architecture despite the reduced structural performance 
resulting from free and expressive surface morphologies.
6 Chilton 2010, P 67.
7 Bechtold 2008, P 14.
Figure 2.14  Rolex Learning Centre; Lausanne, Switzerland.
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2.2 | Historical Legacy of Timber Shell 
Structures
Although there are examples of simple wood surface structures in the 
ancient world (Figure 2.15) there is not a clear line of progression in wood 
technology from these constructions to the advanced timber shells we see today. 
Rather, progress in the design, analysis and construction of shell structures 
occurred in other materials and fi elds before being applied in timber surface 
architecture.  Wood technology did progress gradually through the ages and 
such developments were essential in the early explorations of modern timber 
shell structures, but the specifi c advancements in shell design can largely be 
attributed to those made in the research of reinforced concrete shells. Material 
developments and fabrication techniques in the aviation and marine industries 
also infl uenced the development timber surface structures. Below is a historical 
overview of these advancements and their contribution to the modern timber 
shell. 
Figure 2.15  Scene from the Roman mosaic from Praeneste (Pafestrina), fi rst 
century B.C.
Figure 2.16  Frontispiece of Marc-Antoine Laugier: Essai Sur 
L’architecture (1755) depicting the Vitruvian primitive 
hut.
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2.2.1 Advances in Timber Construction
Th e iconic status of Laugier’s speculative image of the primitive hut reveals 
the common notion of the quintessential relationship between wood and the 
structural frame. (Figure 2.16) Perhaps this is due to wood being so well suited to 
the production of linear elements that so naturally become structural members. 
Th e ubiquity of the wood frame can be seen in the rich history of timber frame 
architecture in a variety of cultures around the world. Th e advancements in 
timber frame construction that led to creation of the fi rst timber shells began 
with the departure from the traditional wood joinery and construction methods 
of the middle ages in pursuit of increasingly greater spans. Th ese developments 
were closely tied to the expansion of knowledge in the strength of materials and 
structural behaviour that began during the renaissance. 
With greater spans came the need to combine discrete elements into 
larger assemblies in the creation of composite beams and trusses. (Figure 2.18) 
Similar techniques of assemblage were applied throughout the renaissance and 
enlightenment periods in the exploration of other well established structural 
morphologies such as arches, domes and vaults. Th e success of each assembly was 
largely governed by the strength of its connections, which were the limiting factor 
in the overall stiff ness of the structures. As the availability and sophistication 
Figure 2.17  Emy, Design for Large Halls, 1828.
Muller 2000, P 16.
Figure 2.18  Composite Beam in Amsterdam City Hall 
Th ese shear resistant composite beams made for a fourfold increase 
in load capacity over a beam of solid timber.
Muller 2000, P 9.
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of metal fasteners and shear connectors improved, composite timber structures 
became increasingly elaborate while achieving progressively larger spans. A good 
example of the growing ambition can be found in the 1828 publication of a new 
composite timber arch system titled Description d’un Nouveau System d’Arc by 
the French engineering offi  cer Armand Rose Emy, where he included designs 
employing his new system in the construction of large halls spanning up to 
100m.1 (Figure 2.17)
A major breakthrough occurred with the development of structural 
adhesives, which after much refi nement, greatly simplifi ed and strengthened the 
interfacing of discrete elements and marked the birth of glue laminated timber. 
Th e fi rst application of glue laminated timber in a large scale project was the 
assembly hall of King Edward College in Southampton England, which was 
completed in 1860.2 (Figure 2.19)
Several of these advancements in timber architecture came together in 1904 
with Fritz Zollinger’s lamella structure, which modifi ed existing two dimensional 
laminated timber arches to form a curved surface structure consisting of a diagrid 
of beamlike elements. (Figure 2.20) By creating multiple load paths in a three 
dimensional structural assembly, this novel system marked the fi rst example of 
a distributed timber lattice shell.3 Although the Zollinger system would evolve 
in to a highly robust and successful structural system, at the time, weak joints 
contributed to an overall lack of stiff ness in the structure. Problems with the 
Zollinger system combined with a growing interest in reinforced concrete may 
explain why timber shell structures became very scarce for the next fi fty years.
2.2.2 Advances in Reinforced Concrete Design, Analysis and 
Construction
Reinforced concrete was introduced to the building community in Europe 
by Francois Hennebique in 18924 with his patent for fi reproof framing, 
but it took almost two decades for it to be embraced as a high performance 
structural material. A great deal of optimism started to build in the engineering 
community with the promise of reinforced concrete and its ability to transform 
1  Booth1999, P 295.
2  Muller 2000, P 18.
3  Muller 2000, P 14.
4  Billington 1983, P 151.
Figure 2.19  Assembly Hall, King Edward College, 1860.
Figure 2.20  The Zollinger System (1904)
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from a formless liquid into a robust solid capable taking almost any shape and 
acting in tension, compression and/or bending.5 Th e incredible progress made 
in shell theory and reinforced concrete construction techniques throughout the 
fi rst half of the twentieth century would play a signifi cant role in the evolution 
of timber shell structures in later decades.
Th e development of concrete shell design and construction can be divided 
into two major periods. Th e fi rst of which occurred from approximately 1912 
to 1939 and was largely characterized as a transition period out of the existing 
structural forms and  construction methods that preceded it. Th is fi rst generation 
of shells mirrored the forms of traditional compression structures such as arches, 
domes and vaults but sought to achieve greater spans. (Figure 2.23) Th ey were 
designed predominately by engineers for utilitarian purposes such as storage 
sheds and aircraft hangers, with little consideration for the quality of spaces 
they were creating. Although there may have been little progress in structural 
morphology during this time, it was a crucial stage in acquiring practical 
knowledge of this new material and structural system.
Th e thin concrete shell piqued the interest of the broader architectural 
5  Pedreschi 2008, P 13.
Figure 2.21  Swiss Cement Hall, Robert Maillart 1939
Bechtold 2008, P37.
Figure 2.22  Drawing of Felix Candela’s Xochimilco restaurant in Mexico City.
<http://candelastructures.org/exhibit/images/candela_geometry-big.png>
Figure 2.23  Anton Tedesko Partial Dome Thin Shell Proof of Concept 1932
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community after the 1939 National Exhibition in Zurich, Switzerland; where 
Robert Maillart’s Swiss Cement Hall dazzled its viewers with a span of over 
twenty four metres and a thickness of only 6cm. (Figure 2.21) Maillart’s Shell 
ushered in the second period in the development of concrete surface structures, 
which was characterized by a mastery of material properties, structural behaviour 
and construction techniques. Th e newly developed knowledge allowed for free 
experimentation in the exploration of a broad range of formal and programmatic 
possibilities.6 Th is period stretched from approximately 1940 until the mid 
1960s and included the work of several master architect engineers, such as Pier 
Luigi Nervi, Eduardo Torroja, Felix Candela, Heinz Isler and Eladio Dieste. 
To achieve the thinnest shell possible in a rigid surface structure, it is 
important to ensure that only membrane stresses are acting within the shell. 
Th e two primary methods for creating membrane stress shells presented in the 
previous section were mastered during this period. Th e use of the hyperbolic 
paraboloid as a form driver was made famous by Felix Candella and his many 
projects built in Mexico. (Figure 2.22)  Th e catenary was made famous by the 
hanging chain models of Antonio Gaudi, but Heinz Isler was the fi rst to employ 
the catenary as a continuous surface in the design of thin shells. His method 
was to suspend sheets of trimmed fabric that would be made rigid using plaster 
or resin before being inverted and meticulously transcribed into drawings. His 
found forms acted almost entirely in compression ensuring only membrane 
stresses acted parallel to the surface of the shell.7 Th e results were incredibly 
thin shells spanning large distances with exceptional balance and elegance, 
for example Isler’s Deitingen Sud service station shell spans 31 meters with a 
thickness of only 9cm! (Figure 2.24)
2.2.3 Timber shells in aviation and marine industries
Aircraft and boats are designed with streamlined forms to ensure they 
cut through the air and water with the least resistance possible. Th eir forms 
are determined by non-structural considerations, predominately aerodynamic 
performance requirements. Th is paradigm is very diff erent from the thin 
shell structures described in the previous section, with structural performance 
being the major determinate of form. Th e form-active nature of the thin shells 
6  Bechtold 2008, P 34.
7  Chilton 2010, P 67.
Figure 2.24  Heinz Isler Service Station, Deitingen Sud, Switzerland.
Figure 2.25  Assembly of the Semi-Monocoque Wooden Fuselage of 
the Lockheed Vega Aircraft
Figure 2.26  Small Scale Plank on Frame Construction
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contributes to their lightness and material effi  ciency. 
Th e combined need for complex non-form active morphologies and material 
lightness in boats and aircraft requires alternate strategies in obtaining strong 
and lightweight surface structures. Th is led to the development of the semi-
moncoque shell (Figure 2.25), which is composed of a stressed skin and thin 
ribs to prevent buckling in areas that experience bending. 8 Th e development 
of these structures, as outlined below, off ers a signifi cant parallel for timber 
surface architecture that is driven by non-structural performance requirements 
such as contextual constraints, spatial relationships, programmatic functions, 
environmental dynamics, acoustic performance or sculptural expression. Th e 
tools and techniques employed in the design and construction of these structures 
off er the beginnings of what will be required to employ wood in complex surface 
structures.
Wooden tall ships are among the most beautiful and ambitious timber 
structures of the pre-industrial world. While the complexity and cost of ship 
building methods largely excluded their use in architecture, a number of design 
and fabrication techniques did transfer to the building industry. One example is 
the plank on frame method of construction, which was the primary system used 
in ship building.(Figure 2.26) Th e timber plank is one of the most basic material 
units that can be extracted from a tree and can be assembled to create a curved 
surface.  Knowledge of the behaviour of wood planks in bending is crucial to 
the design and construction of timber surface structures. A timber plank is able 
to bend in its weak axis while twisting in its long axis. (Figure 2.27)  Th is simple 
behaviour has direct impact on the surfaces that can be built using wood planks 
and will be described in more detail in chapter four. 
Design methods and drafting tools were also part of the technology 
transfer from naval architecture, an example of which is the weighted wood 
spline, a drafting tool for drawing the fair curves used in the lofting process. Th e 
wood spline would be used to draw smooth curves through weighted points. 
A thin wood strip or “spline” would be positioned using lead weights at key 
points; the strip would bend through the anchor points and fi nd the position 
of minimum energy resulting in a smooth and natural curve.9 (Figure 2.28)
Th e fi nished curves that could be seen in the constructed boat or ship would 
have been directly infl uenced by the specifi c bending properties of the wood 
8  MacDonald 2001, P 44.
9  Bartels et al. 1987, P vii.
Figure 2.27  Wood Plank Geometric Constraints, Bend and Twist.
Image by author.
Figure 2.28  Weighted Wood Spline
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strip. Th is tool was adopted by architects for drawing curves by hand before the 
introduction of computer aided design tools, which were actually derived from 
the traditional wood spline. In 1946 mathematicians translated the curvature of 
the wood spline into a mathematical function that would later be used to create 
the spline CAD tools that are now used to generate the curvilinear forms seen in 
contemporary design projects.10
A major development in the advancement of timber surface structures 
occurred with the creation of plywood in the 1860s. Th e effi  cient and economical 
manufacture of plywood was made possible by a patent for the veneer lathe in 
1860(Figure 2.29), which allowed for the production of thin sheets of veneer 
with very little waste; while the introduction of casein glues in 1865 greatly 
contributed to the strength and durability of plywood.11 Following these 
innovations, the use of plywood in timber surface structures gradually matured 
through the end of the 19th century and during the First World War. 
Plywood was also employed as developable surfaces in boat hulls and 
aircraft fuselage. Developable surfaces are curved surfaces that can unroll onto 
a plane without distortion and thus be manufactured from fl at sheets. Surfaces 
of compound curvature could also be built in plywood using thin veneer strips 
and rigid moulds.12
Plywood was used in WWI aircraft but timber surface structures in the 
aviation industry did not reach maturity until the Second World War. Th e 
unrivalled height of plywood construction in high performance surface 
structures is certainly the DeHavilland Mosquito fi ghter bomber. (Figure 2.30) 
It was an incredibly versatile aircraft serving as both a fi ghter and a bomber, and 
when it went into production in 1941 it was considered the fastest aircraft in 
the world.  Th e Mosquito even outperformed the well-known Spitfi re at a top 
speed of 631km/h13, which astonished the west and gave a new appreciation for 
the high performance potential of wood. 
 
10  Lynn 2010, P 23.
11  Bechtold 2008, P 30.
12  Bechtold 2008, P 31.
13  Bowman 2005, P 8.
Figure 2.29  Image from Veneer Lathe Patent, 1840.
Dresser 1840, P 1.
Figure 2.30  DeHavilland Mosquito
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2.3 | Wood: Ecological Implications
2.3.1 Wood as a Sustainable Material
Considering the current rate of raw material consumption in the 
construction industry and the associated environmental impacts, wood is an 
attractive building material for its ecological merits. However, despite the 
benefi ts of employing wood in construction, its use still places a strain on the 
natural environment and should be used responsibly. 
 The Importance of Material Effi  ciency in Construction
Given the dramatic increase in material consumption over the last century, 
the proportion of that consumption attributed to the construction industry 
(Figure 30), and the steady rise in the use of non-renewable over renewable 
resources (Figure 31), it is clear that the quantities, origins and processing of 
our construction materials warrants careful consideration.1 However, in recent 
decades there has been a focus on increasing the operational performance of 
buildings as the major priority in pursuing the goals of sustainable design.2 As 
operational performance in architecture improves, energy consumption and 
carbon emissions resulting from building operation continue to decline, making 
the mitigation of these impacts less of a clear priority.3 Th e ratio of embodied to 
operational impacts is highly dependent on the lifespan of a particular building. 
Quite often buildings become obsolete prior to reaching their designed lifespans 
due to market forces and real estate speculation, rather than the longevity of 
their materials. Th e premature demolition of buildings provides less time to 
off set the embodied environmental impacts of their materials, as well as less time 
to accumulate operational impacts. In many cases this has caused operational 
impacts over the lifetime of a building to be signifi cantly lower than originally 
expected, eff ectively increasing the importance of construction materials and 
the environmental impacts accumulated throughout their lifecycles.4 When 
considering the embodied impacts of structural building materials, wood off ers 
some unique advantages over the alternatives. 
1  Fernandez 2006. P 6 & 48.
2  See Cole and Kernan 1996.
3  Yohanis and Norton 1999, P 1.
4  Fernandez 2006, P 38 – 44.
Image adapted from Fernandez 2006, P 6. Original Source Matos and Wagner, USGS.
Image adapted from Fernandez 2006, P 49. Original Source Matos and Wagner, 
USGS.
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Ecological Merits of Wood
Depending on the specifi cs of its processing and implementation, wood has 
great potential to serve as a sustainable building material, as it is the only structural 
building material that is considered low energy, carbon neutral and renewable. 
As the only structural building material that is in fact a biological tissue, wood 
has the unique advantage of being produced in nature using free energy from 
the sun. It has been demonstrated in a number of Life Cycle Assessment studies 
that wood requires less energy than both concrete and steel to meet the same 
performance requirements in a number of architectural applications.5 It has also 
been suggested that wood requires approximately fi fty times less energy than 
mild steel to achieve the same stiff ness in a structure as a whole.6 
As wood grows it sequesters carbon from the atmosphere through the 
process of photosynthesis, the carbon is then stored within the tree throughout 
its lifetime; and this storage can be extended when wood is used in architectural 
applications. Th e processing of wood into usable products involves CO2 
emissions but they are typically outweighed by those stored in the wood.7 When 
wood has reached the end of its life it can be thermally processed to create 
energy, which releases its captured CO2 back into the atmosphere but also 
reduces the demand of fossil fuels for energy production avoiding the further 
release of carbon that has been stored in ground for millions of years. It is also 
important to note that when trees reach maturity within the forest their ability 
to sequester carbon diminishes almost entirely. Removing mature trees from the 
forest using careful extraction processes can signifi cantly increase the forest’s rate 
of carbon absorption. Considering the numerous trade-off s, the use of wood in 
architectural applications is considered to have a net benefi t in terms of C02 
absorption and emission.8
Th e renewability of wood is entirely dependent on maintaining levels of 
production that are within the natural capacity of our forests. According to 
the Canadian Council of Forest Ministers, sustainable forestry practices entail 
“management that maintains and enhances the long-term health of forest 
ecosystems for the benefi t of all living things while providing environmental, 
economic, social and cultural opportunities for present and future generations.” 
5  CWC 2006. 
6  Gordon 2003, P 322.
7  Merl 2006, P 6.
8  Zeumer 2009, P 2.
Figure 2.31 Sustainable Forest Management and the Carbon Cycle
Taggart 2011, P 101.
Figure 2.32 Global Distribution of Certifi ed Sustainably Managed Forests
Adapted from <www.certifi cationcanada.org>  (2010). 
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of methane which absorbs 25 times the amount of radiant heat than that of 
carbon dioxide.11 Th is can be mitigated if the wood is burned to produce energy, 
and the resultant ash used to create fertilizer. Unfortunately this depends on the 
availability of the necessary clean processing facilities, which are not currently 
widespread meaning a great deal of wood used in construction is likely to end 
up in landfi lls. 
Th e various stages of processing that wood undergoes in transition from 
a raw material to usable products typically involves signifi cant environmental 
impacts. Th e more raw wood is kiln dried, chemically processed, milled or glued 
the more its advantages are diminished. It is also important to keep in mind 
that although forests in North America have stabilized, globally our forests are 
declining at an alarming rate. Approximately 13 million hectares of forest are 
lost each year12, predominately in developing nations (Figure 34). Deforestation 
occurs for a variety of reasons, the clearing of land for agriculture and grazing, 
the consumption of wood for fuel and wood products, as well as natural disasters. 
Despite the geographical implications and numerous causes of deforestation, it is 
important to keep in mind the stress that an increased demand for architectural 
wood products will place on our global forests; we must use wood responsibly 
if we are to keep within the production limits of sustainable forestry practices.
Th e benefi ts of wood’s low energy production, renewability and carbon 
storage are all excellent reasons for the expanded use of wood in contemporary 
architecture. However, due to the environmental impacts resulting from its 
harvesting, processing and decomposition, it needs to be employed as effi  ciently 
as possible. Th e use of wood in free form surface architecture has the potential 
to make a signifi cant contribution to mitigating the environmental impacts of 
such projects, but only if it can be used  in a sensible manner, without intensive 
processing and wasteful fabrication.
2.3.2 Limitations of Wood
One of the more challenging aspects of building with wood is its 
susceptibility to fi re and decay. As in all wood buildings, fi re safety warrants 
careful consideration. Th e move toward objective based building codes presents 
11  IPCC 2007, Table 2.14.
12  FAO 2001, P3.
Fortunately Canada has the largest amount of sustainably managed forests of 
any country in the world (Figure 33), and there is great potential for increased 
production and reforestation in keeping with sustainable forestry practices. Th is 
would not only provide environmentally preferable raw material to the building 
industry but also accelerate carbon sequestration, increasing carbon storage in 
our forests and the built environment.9
The Realities of Employing Wood in the Built Environment
It is clear that there are many benefi ts to using wood in construction, but if 
these advantages are overstated it could result in wood’s unchecked and careless 
implementation in the built environment. It is important to keep in mind the 
negative environmental impacts of using wood to ensure careful management 
throughout its life cycle and the maximization of potential benefi ts. 
Th e biodegradability of wood is often cited as one of its greatest assets 
as a sustainable material; a naturally renewable material that can be returned 
to the earth at the end of its usable life forming a closed nutrient cycle.10 
Unfortunately the decomposition process releases carbon primarily in the form 
9  Taggart 2011, P 104.
10  McDonough 2002.
Figure 2.33 Global Changes in Forest Area (1000 ha/year)
Image by author. Data source: FAO 2010, P 11.
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new opportunities for innovation in wood construction. As opposed to 
prescriptive codes that mandate specifi c assemblies of material, objective based 
codes set out performance objectives that need to be met. Th is means that non-
standard building assemblies can be used in construction as long as they meet fi re 
safety requirements. Th e fi re safety performance objective for building structures 
is that they maintain their structural integrity long enough to allow for safe 
egress of all occupants in the case of a fi re. With objective based codes, the onus 
is on the design professionals to demonstrate their building systems meet these 
requirements. Th is is typically a costly exercise, but with recent improvements in 
computer based fi re simulation, it is becoming more and more feasible to realize 
innovative structural solutions in wood.
Th e susceptibility of wood to rot and decay is certainly an issue, but it is 
a manageable problem. Wood structures have the ability to last as long as steel 
and concrete structures as long as they are designed properly. Th ere are a variety 
of chemical treatments available that will preserve wood from its natural course 
of decay, but these are not necessary as long as the wood is sheltered from the 
elements and well ventilated. Th e longevity of wood structures is evident in the 
covered wood bridges scattered across Canada and the United States that were 
built during the 1800’s, and are still in service today. Th e Marchand Bridge over 




With the increasing popularity of free and expressive form in contemporary 
architecture and the growing need for material effi  ciency in the built 
environment, the relationship between material and form in timber surface 
architecture is becoming increasingly signifi cant. Th e prioritization of form over 
material in recent timber surface structures stands at odds with the desire for 
material effi  ciency in seeking greater sustainability in the built environment and 
warrants careful consideration.
Th is chapter will critically assess two extremes within a spectrum of design 
methods for timber surface architecture, which are defi ned by their prioritization 
of material or form as their major design objectives. An understanding of the 
full spectrum will be obtained through an analysis of its poles. Th e form fi rst 
method can be understood as a top down approach that begins with a form that 
fl exibly adapts to spatial requirements but is conceived with little consideration 
for the behaviour of wood and its natural abilities, which adds a great deal of 
complexity to its realization. Th e material fi rst method begins with a system 
that is set out based on the specifi c behaviour and structural characteristics of 
wood and a form that is defi ned by the forces that will ultimately act on it. Th e 
resultant shell is characterized by an economy of means and materials but due 
to the dependence of the form on the natural capacity of wood and the forces 
acting through it, the potential morphologies that can be achieved are restricted.
Th e two design objectives of formal versatility and material lightness have 
typically been at odds with each other in the design and construction of timber 
surface architecture.  In the most extreme cases, striving for material effi  ciency 
results in formal constraint and seeking free and expressive form results in 
considerable material waste. Two iconic projects representing the extremes of 
the spectrum of methods will be examined. Th e fi rst, the Centre Pompidou 
Metz by Shigeru Ban and Jean Gastines (Figure 3.1) represents the height of 
free and expressive form in timber surface architecture.  Completed in 2010, it 
demonstrates what is possible given the recent advances in digital fabrication. 
Th e second, the Manheim Multihalle by Frei Otto (Figure 3.2) is considered 
the epitome of structural lightness and material effi  ciency in timber shell 
construction; it is unrivalled to this day and maintains relevance in contemporary 
discourse as a model for sustainable design.
Figure 3.1  Centre Pompidou Metz | Shigeru Ban (2010)
Figure 3.2  Manheim Multihalle | Frei Otto (1975)
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3.1 | Form First Approach:
Due to the general limitation of raw wood materials to boards and sheet 
products, there have been signifi cant restrictions on forms that can be easily 
built using wood. Th roughout history ambitious forms in wood were largely 
limited to small scale applications in millwork and furniture where it was 
feasible for craftsman to carefully shape material by hand in both additive and 
subtractive processes. Notable exceptions would be the complex forms of the 
boat hull or aircraft fuselage; however these also required a high degree of expert 
craftsmanship not feasible for architectural applications. Recent advancements 
in computational design tools and digital fabrication have brought the formal 
complexity of the expert craftsman to an architectural scale. Similar to achieving 
complex form in millwork and furniture, recent free form timber shell structures 
demonstrate the tendency toward subtractive fabrication methods that result in 
considerable material waste. However amazing the results of these processes one 
must question the appropriateness of such an approach. To fully understand 
the relationship between material behaviour, formal fl exibility and material 
intensity, the design and fabrication methods for the Metz Pompidou Centre 
are examined below.
3.1.1 Case Study 1: Centre Pompidou-Metz | Shigeru Ban
Design Introduction
Th e Centre-Pompidou Metz is the fi rst decentralized branch of the French 
national cultural institution, Centre Pompidou. Serving as a world class 
contemporary art museum the building is also intended to act as a place of 
encounter, stimulating ideas and debate in contemporary art and architecture.1 
Th e main program consists of three large exhibition spaces in the form of 
rectangular tubes that stack vertically and pivot around a central tower to 
provide framed views to the city beyond. Th ere is also a 37m hanger like hall 
that is fl ooded with light that serves as an exhibition space for large works of 
art and installations. Th e remaining program is made up of offi  ces, a restaurant, 
café, auditoriums and terraces. Th e basic parti of the building is a soaring canopy 
that rests gently above while simultaneously wrapping a loose assemblage of 
interior volumes. Opening toward the adjacent gardens and public spaces, the 
1  Gros 2008, P 11.
Figure 3.3 Centre Pompidou Layered Axo
Detail 2010, P 614.
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landscape appears to fl ow into the building creating a transparent and inviting 
relationship with the surroundings.2
Th e roof structure envisioned by Shigeru Ban was inspired by a Chinese hat 
discovered in an artisan shop in Paris in 1998.(Figure 3.6) Ban was captivated 
by the architectonic qualities of the hat. It possessed a woven bamboo structural 
lattice, a layer of oil paper for water proofi ng and even a layer of leaves for 
insulation.3 Th e roof was also inspired by his collaborations with architect-
engineer Frei Otto. During their collaboration on the Japanese Pavilion in 
Hannover for Expo 2000, Ban visited Otto’s building for the Institute for 
Lightweight Structures at the University of Stuttgart. Th e building consists 
of a suspended cable net structure clad with wooden panels. After seeing this 
structure Ban wondered if it would be possible to create a similar structure 
but without the use of cables making the wood serve as the primary structure. 
Another project with clear ties to the Centre-Pompidou Metz is an unbuilt 
collaboration between Ban and Otto called the Frei Otto Laboratry, which was 
designed in 2004 for a traveling exhibition of Frei Otto’s work. Th e design was 
for a timber shell structure of woven plywood strips. (Figure 3.7)
2  Moore 2010, P 83.
3  Jodidio 2008, P 49.
Figure 3.4  Framed view from gallery to city beyond.
Figure 3.5 Exhibition hall with shutter doors connecting interior and 
exterior.
Figure 3.6  Chinese Bamboo Hat
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Structure and Form 
Th e formal aspirations of an 8500m2 sweeping canopy draped around 
internal volumes that provides a smooth transition from roof canopy to supporting 
columns created a highly complex double curved surface. Th e ambition of 
which was unprecedented in timber surface architecture. Th e structural pattern 
is that of a kagome lattice derived from the Chinese bamboo hat mentioned 
above. It is a semi regular trihexagonal pattern woven from three sets of parallel 
continuous strands to create a tiling pattern consisting of two hexagons and two 
triangles at each vertex.(Figure 3.8) Weaving was impractical at the scale of the 
building so as an alternative the strips were layered and mechanically fastened 
at their intersection points4(Figure 3.9). As built, the timber lattice spans up to 
50m and consists of 6 layers of 140mm x 440mm laminated timber sections. At 
each node two pairs of timber girders pass each other and are connected with 
pre-stressed bolts. Shear forces are transferred via laminated spacers between 
members and end joints are composed of steel shear plates slotted into the ends 
of each beam and held with steel fasteners.
4  Menges 2010.
Figure 3.7  Frei Otto Laboratory (2004)
Figure 3.8  Kagome Lattice or Trihexagonal Tiling
Image by Author.
Figure 3.9  Layered timber lattice 
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Material, Structure and Stress 
A crucial factor contributing to the heavy structure and material intensity 
of the Centre Pompidou Metz is the even distribution of load bearing material 
throughout the structure despite its irregular form and highly variant loading 
conditions. As demonstrated in the fi rst chapter, the early builders of structural 
surfaces employed third order surface geometry and elaborate methods of form 
fi nding to arrive at structurally optimized surface forms. Th e aim of their eff orts 
was to create a uniform distribution of stress throughout the surface, such that 
every element of material throughout the surface provides its equal share in 
carrying the loads imposed on the structure, ensuring no material is wasted.
  In recent decades powerful computer aided design tools have made it 
possible to design complex surfaces that stray from these pure structural forms, 
which in many cases has led to poor structural performance and high material 
intensity. However, computation and non-linear analysis has also made it possible 
to understand and work with the complex structural behavior of irregular forms. 
In a number of such projects non-linear analysis has been employed to adapt 
structural systems to local variations in mechanical stress for an optimal use of 
material despite irregular forms and variant loading conditions.5 An example 
of such a project is the CCTV Headquaters in Beijing designed by OMA. Th e 
irregular form and large cantilever create signifi cant stress variations within the 
structural system. (Figure 3.10) Th e diagonal bracing of the structural skin is 
tailored to diff erences in loading conditions by increasing or decreasing the 
density of the structural pattern.6  Another example is the Courtyard Enclosure at 
the Smithsonian Institute in Washington, DC, designed by Foster and Partners 
and engineered by Buro Happold.(Figure 3.11) Although the undulating roof 
geometry bears a resemblance to the equilibrium surfaces designed using form 
fi nding models, the shallow curvature and irregular arrangement of the surface 
 mounds creates signifi cant variations in the load distribution throughout 
the structural lattice.(Figure 3.12) To account for the variations, rather than 
adjusting the density of the structural pattern as in the CCTV building the 
individual members within the structure thicken in response to increased loads. 
5  Iwamoto & Scott 2011, P x.
6  Koolhaas & Sheeren 2005, P x.
Figure 3.10  CCTV Structural Analysis, Zones of Loading Variation, 
and Adapted Structural Grid
Koolhaas and Scheeren 2005.
Figure 3.11  Smithsonian Institute Courtyard Enclosure (2004)
Menges 2006, P 49.
Figure 3.12  Irregular Loading Conditions in the Structural Lattice 
(Rotational Defl ections)
Menges 2006, P 49.
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Figure 3.13 shows the increase in cross section of the structural members as they 
funnel forces toward the supporting column.7 
Unfortunately the Centre Pompidou-Metz is neither a pure structural 
form, nor does its loadbearing material adapt to local variations in forces acting 
through the structure. As a result the cross section of the timber girders and their 
spacing is determined by the area of the structure with the most severe loading 
conditions, which is then applied throughout the structure. Th is is not only a 
waste of material in and of itself but it also contributes to greater self-weight in 
the structure requiring additional material to support it. If material effi  ciency is 
to be achieved in timber surface structures that stray from pure structural forms, 
a strategy of material distribution that responds to variant loading conditions is 
essential.
Pattern, Topology and Material
 Th e combination of the regular hexagonal grid and the complex topology 
of the roof created a considerable amount of diffi  culty in design, fabrication and 
construction. Th e semi-regular two-dimensional pattern was projected onto the 
7  Menges 2006, P 48.
Figure 3.13  Adaptive Member Sizing in Response to Force Magnitude
Menges 2006, P 49.
Figure 3.14 Centre Pomidou Metz Structural Model
32
double curved surface to determine the three dimensional structural pattern. 
From these paths the surface was then populated with structural members 
running parallel to the surface.
 Complexity consultants were brought in to help rationalize the form of 
the roof and the layout of the members. Despite their eff orts and the signifi cant 
improvements that were made there was still 18km worth of timber girders 
curved in three dimensions. Th e result was the creation of over 100 highly 
irregular double curved structural members composed of over 45,000 individual 
wood strips laminated to create 1800 unique segments. Th e members transfer 
loads poorly as a result of their shifting curvature, experiencing high levels 
of bending and torsion, which requires additional material to counteract the 
eff ects.8 
Th e complex double curvature of the members was impossible to achieve 
using traditional methods of glue lamination. Th e basic timber planks that make 
up the laminated beams are restricted to bending in their weak axis and twisting in 
their long axis. Meaning there is a limited number of forms that can be achieved 
through their natural behaviour. Th e only way to achieve the complex double 
curvature of the roof members was to construct oversized glue laminated beams 
that approximated the desired shapes and then mill off  the excess material using 
a series of cnc machines. (Figure 3.15) As a result an additional 50% of material 
was required in the fabrication process before being milled off  and essentially 
wasted. Milling also cut members across their grain which further weakened the 
structure and required material to be added for strength, further increasing the 
overall weight of the structure.9 If material economy is to be achieved in free 
form timber surface architecture, working within the physical limitations of the 
material will be critical in avoiding material and energy intensive processes of 
subtractive fabrication.
8  Scheurer 2010, Lecture.
9  Menges, 2010.
Figure 3.15  CNC Milling of Timber Girders.
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3.2 | Material First Approach: 
Well before Buckminster Fuller challenged architects with the question 
“How much does your building weigh?”, material effi  ciency and structural 
lightness were two well established values in the discipline of structural 
engineering, and to this day are regarded as not only professional but even 
moral design obligations. As demonstrated in the previous chapter, an economy 
of means and material in construction are of increasing importance within 
design strategies aiming to mitigate the negative impacts of buildings on the 
environment. Despite wood being a renewable and biodegradable material, its 
unchecked use would cause irrecoverable damage to our ecosystems and thus 
requires responsible and effi  cient implementation. 
However, the prioritization of structural lightness and material effi  ciency 
has resulted in restricted formal possibilities making it diffi  cult to respond to 
non-structural design objectives that would infl uence form. Th e major strategy 
for seeking structural lightness in timber surface architecture has been to employ 
pure form-active shells that operate via membrane stresses and experience 
minimal bending and shear. Two classes of methods for the derivation of such 
forms were presented in the previous chapter; the use of third order surface 
geometry such as hyperbolic paraboloids or the use of equilibrium surfaces 
derived from physical form fi nding experiments.(Figure 3.17) In either case, 
the design methods that are employed seek out a single optimum solution. In 
seeking an absolute optimum the design space is narrowed to a particular set 
of formal possibilities. Th ere are many design objectives that infl uence form, 
whether driven by performance, aesthetics or site conditions, formal versatility 
can have a signifi cant impact on the success of a project. In cases where alternative 
forms introduce greater eff ectiveness in attaining sustainable design objectives a 
form active structure may impede greater sustainability. 
Some of the greatest achievements in seeking material lightness in surface 
structures were achieved by Frei Otto through his work at the Institute for 
Lightweight Structures at the University of Stuttgart. To  fully understand the 
relationship between form active structures, structural effi  ciency and formal 
constraint, the design and construction methods employed in Otto’s Manheim 
Multihalle project will be examined.
Figure 3.16  Regular Lattice Deformation
Image by Author.
Figure 3.17  Soap Film Form Finding Models (Frei Otto)
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Figure 3.18  Theoretical membrane structural action (left) and gridshell action 
(right)
Toussaint 2007, P 37.
Figure 3.19  Manheim Multihalle as artifi cial mounds in the landscape
3.2.1 Case Study 2: Manheim Multihalle | Frei Otto
Gridshells Introduction
 Th e timber gridshell is an elegant structural system that beautifully integrates 
the relationship between the natural behaviour of wood and a form active shell to 
achieve incredible lightness and material effi  ciency. A timber grid shell consists 
of a regular layered lattice of thin timber laths that begin as a fl at mat with 
adjustable connections at their intersections.  Th e mat is raised or lowered into 
its fi nal position taking advantage of the natural bending abilities of wood as the 
rectilinear grid distorts to make rhombic shapes which accommodate changes 
in surface curvature.(Figure 3.16) Th e connections at nodes are tightened and 
cables are added as diagonal bracing to stiff en the structure in its fi nal form. 
 Th e global structural behaviour of a gridshell is similar to that of a rigid 
shell, but very diff erent locally as material is gathered into a grid of discrete 
laths which transfer loads through normal stresses rather than being distributed 
throughout a continuous surface as membrane stresses.(Figure 3.18) Pure normal 
stresses acting through the laths is only theoretical, in practical applications 
the lattice also experiences bending and shear which is accommodated by the 
multiple layers of laths, the diagonal bracing is also required to resist racking.
Design Introduction
In 1970 Manheim was selected for the 1975 Bundesgartenschau, a bi-annual 
national garden exhibition. A master plan was developed for Herzogenried park, 
which included a large multifunctional covered space that could accommodate 
a range of activities such as exhibits, concerts, theatres, sports activities, 
leisure and dining amongst others. Th e basic parti of the project was two 
artifi cial mounds set within the hilly landscape of the grounds connected by 
a covered walkway and surround by gardens. Th e larger of the mounds was 
designated as the multipurpose hall, while the smaller would serve primarily as 
a restaurant.1(Figure 3.19)
Th e shell creates 3600m2 of enclosed space with an amorphous plan 
wrapping around the various spaces. Th e structure of the shell consists of four 
layers of 50mm x 50mm fi nger jointed laths of Hemlock Pine spaced at 500mm 
spanning up to 60m, signifi cantly lighter than the 6 layer 140mm x 440mm 
sections used to span 50m in the Centre Pomidou Metz.  Th e node connections 
1  Toussaint 2007, P 50.
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Figure 3.20  Mannheim Multihalle Interior
are bolted through slotted holes (Figure 3.21) to allow for sliding between 
members during the erection process, and the diagonal bracing consists of 6mm 
cross tie cables spaced at 4.5m in both directions.2 
Form Finding
Th e incredible structural lightness and material effi  ciency of the multihalle 
was largely achieved through the highly optimized form of the shell. Th e form 
was not designed in the traditional sense but rather found through a physical 
material process. Th e form fi nding method developed by Frei Otto at the 
Institute of Lightweight Structures consisted of a number of physical modelling 
processes that were based on material behaviour and structural characteristics. 
Th e method employed for the form fi nding of the Multihalle was a hanging net 
model that would self-organize under the infl uence of gravity into a spatially 
curved suspended form that experienced pure tension. When inverted, such a 
form creates a pure compression shell free of bending moments. Th is inverted 
form became the basis for the full scale construction of the Multihalle. Th e 
absence of bending and high shear stresses makes for a highly effi  cient structure 
requiring staggeringly less material than that of alternative forms.3
Frei Otto’s grid shells are the most amazing example of integrating the 
relationships between material structure and form in a single high performance 
system. However, what makes form fi nding processes such elegant methods for 
achieving structural lightness and material effi  ciency is precisely what limits 
their application in architectural projects that possess a variety of performance 
criteria aff ecting form. 
Otto’s analogue form fi nding models consisting of stretched fabric and soap 
fi lms for minimal surface structures and hanging chains used for compression 
shells,(Figure 3.23) all possess physical limitations of form. If one attempts 
to manipulate the form outside these constraints the material will rupture, 
collapse or fail. In the case of a hanging chain model, there is no way to skew the 
suspended form to accommodate alternate performance criteria as this would 
contradict the eff ect of gravity on the system, disturb the equilibrium of the 
surface and corrupt its structural logic.
Th e limited design parameters for modifying the form of a suspended cable 
net include the shape of the boundary, the length of chains and the location 
2  Burkhardt 1976, P 113.
3  Hensel 2004, P 21.
Figure 3.21  Node Detail
Toussaint 2007, P 53.
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of holes or openings.4 Th ere are conceptually many design possibilities in the 
combination and adjustment of the parameters above but all the solutions will 
be limited to forms attainable by a hanging net.
If one wanted to modify the form of a shell to improve solar exposure for 
a photovoltaic array it would not be possible using a hanging chain model. In 
such a case the improvement to operational performance may far outweigh the 
benefi ts of a pure form active structure. Th is raises a major question of the thesis 
that will be addressed in the next chapter: Is it possible to embed the physical 
limitations and natural behaviour of wood in a design system to achieve lightness 
and effi  ciency without restricting the overall shape to a pure structural form?
Th e Centre Pompidou is a truly innovative project for its unprecedented 
fl uidity and formal expression in timber surface architecture, which was 
unfortunately achieved at the cost of signifi cant material waste. To avoid this, 
the new material system must carefully consider the physical limitations of wood 
to avoid subtractive fabrication, and also adapt to changes in the forces acting 
through the material. Th e timber lattice canopy is essentially a free form mat 
of pin jointed timber strips that are layered and curved to achieve the required 
strength and rigidity. Th is basic parti will provide the starting point of the new 
material system.
Th e material centric approach employed in the design of the Mannheim 
Multihalle led to the creation of an incredibly light timber shell. Its material 
effi  ciency is largely a result of the close attention paid to the behaviour of wood, 
a priority that will carry into the development of the new material system. 
Unfortunately the hanging chain model used for the design of the form active 
structure imposes formal constraint, making it diffi  cult to respond to non-
structural design objectives. However, two specifi c techniques that will be 
incorporated in the new material system will be dry bending straight wood strips 
to achieve the required curvature in the surface, and using the relative locations 
of connections between adjoining members to create and maintain the form of 
the structure.
4  Hensel 2004, P 21.
Figure 3.22 Lattice Node Connection
Figure 3.23  Multihalle Suspended Net Form Finding Model.           
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4.1 | Morphogenetic Design 
Th e goal of achieving material conscious free form in timber surface 
architecture aligns well with the overall aspirations of the emerging fi eld of 
morphogenetic design.  Th e term morphogenesis was fi rst employed in the fi eld 
of biology in reference to processes of growth and diff erentiation that give rise 
to the form and structure of an organism. More recently it has been evoked 
in contemporary architectural research and practice to describe an approach to 
design that distances itself from the top-down methods of form-making, which 
force material onto pre-established forms with little consideration for its specifi c 
characteristics and behaviour. As an alternative, morphogenetic design employs 
bottom up processes of form-fi nding, giving careful consideration to material in 
seeking greater performance with minimal resources. 
Morphogenetic design falls within the broader fi eld of biomimetic design 
that was popularized by Janine Benyus in the late nineteen-nineties with her 
book Biomimicry: Innovation Inspired By Nature. Biomimicry is considered a 
design discipline that seeks sustainable solutions to the problems of humanity 
through the emulation of patterns and processes found in the natural world.1 
A defi nitive study that helped lay the foundations of this discipline is D’Arcy 
Wentworth Th ompson’s 1917 book, On Growth and Form. Th ompson’s unique 
skills as a mathematician and a naturalist granted him the ability to see novel 
connections between natural forms, geometry and physics, putting forth that 
biological structures were simply a diagram of the forces acting upon them, 
rather than purely the result of genetic information.2 Although many of his 
suggestions were later proved inaccurate, his ground breaking observation 
that growth is not only guided by evolution and genetic information, but also 
governed by the laws of physics triggered a great deal of interest in engineering 
and design and remains relevant to this day. 
Nature serves as an ideal model for the built environment as it uses energy 
and material far more eff ectively in the creation of structures that are much more 
benign than anything achieved in industry.3 Th e natural world has a wealth of 
knowledge to off er in achieving sustainability. While biomimicry can be applied 
to all design disciplines, morphogenetic design focuses on architecture and 
1  Benyus 1997
2  Thompson 1961, P 11.
3  Jeronimidis 2005, P 1.
the built environment with its own theoretical model and specifi c approach 
to design. Morphogenetic design began with the work of the Emergence and 
Design Group at the Architectural Association in London and was brought 
to the attention of the larger architecture community with the publication of 
Emergence: Morphogenetic Design Strategies, a popular issue of the journal 
Architectural Design, guest edited by Michael Hensel, Achim Menges and 
Michael Weinstock. Several books and journal editions have followed that 
surveyed the development of the new fi eld of research, while studios and 
workshops continue to be taught in architecture schools around the world. With 
the ideas entering contemporary practice, it is becoming a global phenomenon.4
Morphogenetic design views architecture as complex material systems 
with deep interrelationships between material, structure and form, which are 
considered in parallel within non-linear design processes, as opposed to the more 
common paradigm of addressing form, structure and material in isolation within 
more linear design methods.5 In relation to the case study projects covered in the 
previous chapter, morphogenetic design stands in opposition to the form fi rst 
material intensive approach employed in the creation of the Centre Pompidou 
Metz while deeply sympathizing with the material conscious methods of Frei 
Otto’s Mannheim Multihalle. Th e Mannheim project employed analogue 
form fi nding methods in addressing the objectives of structural lightness and 
material effi  ciency. Morphogenetic design research has sought to expand such 
performance objectives by employing generative modeling, performance analysis 
and digital fabrication in the creation of algorithmic processes of materialization.
Th e conceptual model of viewing a building as a complex material system 
will drive the approach to addressing the major problem of the thesis. After 
briefl y surveying the major components of what constitutes a material system 
within the morphogenetic design paradigm, methods from existing research 
in timber surface architecture, biology and engineering will be reviewed and 
synthesized into a single morphogenetic material system. 
4.1.1 Morphogenetic Material Systems
Morphogenetic material systems are developed through algorithmic 
processes that off er the means in which parametric relationships between 
4  Leach 2009, P 34.
5  Hensel 2006, P 6.
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material, structure and form can be maintained via associative geometry. 
Rather than explicitly defi ning a form that is subsequently subdivided into 
rigid geometries of fi xed dimensions, the system is defi ned by relationships 
and adjustable constraints that can fl exibly adapt to performance requirements 
throughout the design process. Automation, iteration and recursion within 
such algorithmic processes off er the ability to create feedback loops between 
materialization and performance analysis. Th is amounts to the bottom up 
materialization of form through simulated processes of growth and evolution. 
Such processes of formation are informed by intrinsic constraints stemming from 
material characteristics, and are driven by performance objectives infl uenced by 
external stimuli.
Internal constraints 
A morphogenetic material system begins with the material itself, the 
specifi c characteristics and behaviour of the material and its base units must be 
captured within geometric relationships and dependencies that can be employed 
in the algorithmic process. Th is can be accomplished through physical testing 
of the material before being translated into geometric principals.6 Computer 
aided manufacturing allows for diff erentiation and greater complexity in 
the realization of built form, but like traditional means of fabrication it still 
imposes specifi c constraints on the system. Th e constraints stemming from 
the fabrication of material units and their assembly must also be captured in 
geometric relationships that can be embedded within the algorithmic design 
process. In the case of the material system that is the focus of this thesis the basic 
material unit is the timber strip, chosen for its material effi  cient fabrication and 
large capacity for elastic bending. Its characteristics and constraints that must 
be captured in the system relate to its behaviour as it bends and twists in space, 
(Figure 4.1)which will be explained in more detail in the coming sections. 
External Stimuli 
Th e growth or evolution of a morphogenetic process of materialization is 
also informed by extrinsic forces. In order for a material system to be eff ective it 
must be deeply embedded within its environment.7 Infl uences such as physical 
loading, solar exposure and prevailing winds can be captured using digital 
6  Hensel and Menges 2006, P 89.
7  Hensel and Menges 2008, P 55.
Figure 4.1  Physical Constraints of the Wood Strip - 
a. Bend, b. Twist, c. Bend and Twist
Photos by Author.
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 Figure 2.27 Wood Plank Geometric Constraints, Bend and Twist.
Image by Author.
Figure 4.2  Buckminster Fuller (1948 )Early Geodesic Dome Research at CIT
performance analysis. Th e information gathered from such analysis can inform 
the generative algorithm in feedback loops that deposit material, analyze results 
and reiterate until a target condition is met. In the interest of material effi  ciency, 
the material system developed in this thesis is infl uenced by self-weight and 
external loading, where the distribution of material is governed by internal 
stresses obtained through fi nite element analysis. Th e specifi c process and its 
implications are explained in detail in the coming sections. 
Host Environment 
Morphogenetic material systems also require a host environment where the 
algorithmic process can unfold. Such host environments could consist of surfaces 
or branching geometric structures that are populated by digital representations 
of material units to form larger assemblies. Th ese underlying topologies could 
evolve or grow in parallel with the process of materialization outlined above 
adapting to the same external stimuli in seeking greater performance.8 Th e 
parallel evolution of a base surface during a process of materialization is not 
necessary in addressing the question of achieving free and expressive form 
without excessive material waste. For the purposes of this thesis the material 
system developed will employ a pre-established host topology. Despite the 
surface not evolving throughout the process, its fi nal form will be infl uenced 
by the specifi c behaviour of the material in its fi nal distribution. Th e surface 
will also remain fl exible via parametric associations allowing for adjustment and 
automated materialization right up to the point of fabrication.
Th is chapter introduces the major methods and tools employed in 
the development of the material system for free and effi  cient timber surface 
architecture. Existing research and precedent architectural projects are reviewed, 
adapted and combined into a process of materialization captured in an 
automated algorithmic design process. Th is exhibition of methods presents the 
means for accomplishing two major goals of the thesis. Th e fi rst is to develop a 
strategy for the structuring of a free form surface using only timber strips, as to 
limit material waste during fabrication. Th is aim is addressed through a review 
of techniques involving the use of geodesic lines in the structural patterning 
of free form timber lattice shells. Th e second is to optimize the distribution of 
material in seeking greater structural performance with less material, and this 
aim is addressed through a review of stress driven material distribution in the 
natural world and engineering practices. 
8  Hensel and Menges 2006, P 89.
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4.2 | Geodesic Lines
“Th ere are many ways of rendering geodesic structures, but all represent closed 
systems in which compression is comprehensively encompassed by tension. In principle, 
this emulates the structuring of the universe.” 
– Buckminster Fuller1
Geodesic lines off er the means to capture the characteristics and behaviour 
of the basic material unit such that it can be manipulated within a virtual 
environment via algorithmic processes without exceeding its physical limitations. 
Th ey grant the ability to abstract and embed certain physical realities in a design 
environment typically devoid of such considerations. Essentially geodesic lines 
are the geometric means of establishing the major intrinsic constraints stemming 
from material behaviour, one of the key aspects of a morphogenetic material 
system. Th e material unit is the timber strip and the behaviour captured by the 
geodesic is how it bends and twists in space, or more specifi cally how it is limited 
to bending in its weak axis and twisting in its long axis.( ) As demonstrated in the 
case study of the Centre Pomidou Metz, it is very important to operate within 
these physical limitations to avoid energy and material intensive subtractive 
fabrication processes. Th e ability to construct a surface from simple timber 
strips or laths that work within their limits will lead to very little waste in the 
fabrication process.
Geodesic lines are the shortest distance between two points on a curved 
surface but more importantly they are lines of zero sideways curvature. Th is basic 
property makes them the ideal geometric entity in working with timber strips on 
a curved surface that are unable to bend sideways.2 Geodesics essentially obey 
the same geometric constraints as that of a timber strip on a curved surface, in 
that they can bend and twist across the surface and still unroll onto a fl at plane 
without distortion.  Geodesics can be understood as the mathematical means 
through which the physical behaviour of the material can be reconciled with 
the topology of a surface. As a result geodesic lines will be the major material 
based geometric principal employed in the algorithmic processes of the material 
system.
1  Millais 2005, P 379.
2  Pottman 2010, P 1.
Figure 4.3  Regular Geodesic Network on a Partial Sphere
Image by Author.
Figure 4.4 EPFL Polydome Structural 
Layout
Figure 4.5 EPFL Polydome Interior
Figure 4.6 EPFL Polydome Under Construction
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4.2.1 Origins
Th e term geodesic comes from the word geodesy, the science of measuring 
the shape of the earth. It was fi rst used to fi nd the shortest paths across the surface 
of the earth for effi  cient shipping and fl ight patterns. Th ey can be considered 
the equivalent of a straight line in curved space.  Buckminster Fuller studied 
“improved geometric projections of the Earth’s surface onto two dimensional 
maps” before applying geodesics in the creation of his geodesic dome. Geodesic 
curves also possess structural advantages as they can determine optimal load 
paths on a curved surface.3 His fi rst experiments were conducted at the Chicago 
Institute of Design as part of his research on energetic geometric systems. (Figure 
4.2)
4.2.2 Geodesic Curves, Topology and Pattern
Geometric Primitives 
Regular networks of geodesic lines can be easily determined for simple 
volumes such as spheres and cylinders (domes and barrel vaults) using basic 
geometric principles. For example, geodesic lines on a sphere are great circles, 
which were made famous by Fuller’s geodesic domes. (Figure 4.3) Th e Polydôme 
timber shell at the École Polytechnique Fédérale De Lausanne in Switzerland is 
the fi rst instance of a timber surface structure that employs geodesic lines for 
its structural layout. Th is structure is a partial sphere and was built by Julius 
Natterer in 1991 as a prototype for using geodesic curves in timber surface 
architecture.
Hyperbolic Paraboloids
Regular networks of geodesic lines can also be determined for hyperbolic 
paraboloids (hypars) based on mathematical equations. (Figure 4.7) Th e 
structuring of hyperbolic paraboloids using a regular grid of geodesic curves was 
fi rst employed on the Expodach pavilion for the 2000 World Expo in Hannover. 
(Figure 4.8) Although the surfaces were not derivatives of simple geometric 
volumes, they were still mathematically defi ned. Th is allowed the geodesic 
curves to be calculated using complex mathematical equations. Th is was a very 
diffi  cult process requiring the expertise of Julius Natterer, a mathematician and 
engineer. Due its diffi  culty this method was not at all accessible to architects 
3  Pottman 2010, P 1.
Figure 4.7  Regular Geodesic Network on a Hyperbolic Paraboloid
Image by Author.
Figure 4.8  Expodach Hannover Pavilion | Thomas Herzog and Julius Natterer (2000)
Figure 4.9 Expodach Canopy Under Construction
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and out of reach of most engineers. Fortunately today, thanks to the ubiquity 
of calculus based computer aided design environments such as Rhinoceros 3D, 
there are tools that off er the simple determination of geodesic lines on not only 
mathematically defi ned surfaces like those of the Expodach Pavilion but also on 
complex free form surfaces. 
Free form surfaces
Despite recent advancements in determining geodesic lines on free form 
surfaces, it can be very diffi  cult or impossible to determine regular networks 
of geodesic lines for complex freeform surfaces. (Figure 4.10)Th is is due to the 
path of a geodesic line being infl uenced by changes in curvature in the surface. 
If changes in curvature are subtle and gradual neighbouring geodesics will run 
approximately parallel. If changes in curvature in the surface are more extreme, 
neighbouring lines will converge or splay out causing an irrational arrangement. 
As a result, to date the use of geodesic lines in the design and construction of 
timber shell structures has been limited to domes, barrel vaults and hyperbolic 
paraboloids as outlined above.
Th ere has been experimental research conducted at California Polytechnic 
State University4 and École Polytechnique Fédérale De Lausanne5 that explores 
the use of geodesic lines in the structural patterning of free form timber surface 
structures.  In seeking regular grid patterns this research has limited itself to free 
form surfaces with simple consistent curvature. (Figure 4.11)  Th e requirement 
for a regular grid of geodesic curves leads to the exclusion of a vast array of more 
complex and expressive surface morphologies, and can be regarded as a major 
limitation of this approach.
Th is thesis questions whether a regular pattern is necessary or if this criteria 
can be relaxed or even removed completely to allow for freer more irregular 
structural patterns.(Figure 4.14) A non-oriented structural pattern would allow 
for more complex surface structures to be materialized using geodesic patterns. 
Th is does however come at a cost with new challenges introduced. A higher 
level of complexity is introduced to the structural logic, detailing, fabrication 
and construction of the surface. Th e use of morphogenetic design principles 
including the application of computational design tools and digital fabrication 
techniques will make it possible to deal with the added complexity.
4  Cabrihna 2008, P 118-125.
5  Pirazzi et al. 2006.
Figure 4.10  Irregular Geodesic Network on a Free-Form Surface
Image by Author.
Figure 4.11  Regular Geodesic Grid on Simple Free Form Surface
Pirazzi 2006; P 3.
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4.3 |  Irregular Structural Networks
Implementing an irregular layout of structural members allows for the 
materialization of complex forms using geodesic lines, which off er considerable 
structural and fabrication advantages. Th e non-oriented nature of the system 
also creates a highly complex network with many interconnections between 
elements creating a highly robust structural system with a large variety of load 
paths. Such a structure is capable of adapting to a wide number of loading 
conditions and avoids the directional weaknesses of typical one-way and two-
way framing systems. 
An example of such a structure in an architectural application is the 
Beijing National Stadium by Herzog and DeMeuron. Its primary structure is 
surprisingly regular, consisting of trusses organized in a radial pattern around 
the opening in the roof.(Figure 4.13) Th e secondary structure is arranged in 
a more irregular manner on the roof and façade to mask the regularity of the 
primary structure and provide an overall appearance of randomness.(Figure 
4.12) Th e irregularity of the secondary structure provides a great deal of lateral 
stability in the structure, which contributes to meeting the stringent seismic 
design requirements for level three earthquakes. Another example of an irregular 
structural network is Toyo Ito’s Omotesando building in Tokyo.(Figure 4.17) 
Its structural concrete skin serves as both structure and envelope creating a 
completely column free interior. Th e surface consists of a branching pattern that 
Figure 4.12  Beijing National Stadium | Herzog & DeMeuron (2008)
Figure 4.13  Beijing National Stadium Primary Structure
Figure 4.14  Irregular Structural Network 
Image by Author.
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occurs in a single plane; the density of the pattern and homogeneity of the joints 
makes the structure act more like a solid wall with voids rather than a complex 
network. In both the Bird’s Nest and the Tod’s building, the irregular structural 
arrangement adds robustness and lateral stability to the buildings despite being 
driven more by visual eff ect rather than structural performance.
Th e geometry of the non-oriented network and its many interconnections 
will provide the means for the lattice to maintain its form without the use of 
glued laminations. If the structural pattern were to conform to a regular grid 
the surface would readily deform and distort. Th e form will be embedded in the 
inter relationships between pin jointed members, resulting in a non-developable 
double curved surface. Each pin connection creates a physical tangency 
constraint parallel to the host surface. Th e timber strips will seek a minimum 
energy state as they relax to fi nd equilibrium. Th e more connections that exist 
between members the closer the resultant form will be to that of the host surface.
 A distributed non-oriented structural network requires a diff erent way of 
thinking about structural performance than traditional statically determinate 
methods of structural analysis and design. Examples of such systems can be 
found in biology where a high degree of robustness and redundancy results from 
the layering and interconnectedness of fi bres. (Figure 4.15 & Figure 4.16) Th e 
conceptual and practical means for approaching the design and optimization 
of such a system will be sought from natural material systems such as trees 
and bones. Th ese fi brous structures employ stress as a growth promoting 
agent, a process that has been adopted by modern engineering for the material 
optimization of components and structures, which will be covered in more 
detail in the next section. 
Figure 4.15  Egg Shell Microstructure Figure 4.16  Monarch Butterfl y Cocoon
Figure 4.17  Tod’s Omotesando Building | Toyo Ito (2004)
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4.4 | Stress Driven Material Distribution
It is well established that employing form active morphologies in the design 
of surface structures greatly contributes to structural performance and thus 
material effi  ciency. However, this comes at the cost of formal restrictions that 
limit the design space making it diffi  cult to pursue other design objectives that 
would infl uence form. If the ultimate goal is greater sustainability in the built 
environment, employing form active structures may be counterproductive if a 
less ideal structural form would contribute to better operational performance, 
Th is section reviews stress driven material distribution in seeking a non-formal 
means of achieving material effi  cient structures, allowing the form to respond 
to alternative design objectives. Th e fi nal result may not achieve the absolute 
optimum in structural lightness and material effi  ciency, but it provides the 
means to pursue greater eff ectiveness in the overall system. Stress driven material 
distribution off ers a method of material optimization at a fi ner scale than 
manipulating the overall form of the structure, which allows for greater material 
effi  ciency in the design of free form timber surface architecture.
Stress driven material distribution refers to the optimization of material 
within a structure according to the mechanical stresses resulting from external 
loads. In its simplest form it can be understood as concentrating material in areas 
that are likely to experience greater levels of stress and reducing material in areas 
of low stress. Th ere are several tools and techniques present in contemporary 
engineering practice that employ diff erent methods of optimizing material as 
a function of mechanical stress, but they all stem from observations of such 
phenomena in natural processes of materialization. Gordon attributes the 
presence of material and energy effi  cient structures in the natural world to 
their evolution over long periods of time in a competitive world where material 
comes at a metabolic cost.1 Natural processes of material optimization are of 
great interest to the construction industry, as it is faced with the analogous 
performance objectives of material and energy effi  ciency. 
1  Gordon 1976, P 271.
4.4.1 Natural Structures
Biologists observed the structuring of natural materials in manners ideally 
suited to their specifi c mechanical functions before potential applications in 
building were realized by engineers.  One of the most notable examples of this 
is the Culmann crane, modeled on the human femur and its internal structure. 
In his seminal novel On Growth and Form, Th ompson recounts the story of 
the great German engineer Carl Culman entering the lab of his colleague, the 
anatomist Herman Meyer while he was dissecting a femur. Th e engineer, who 
had been busy designing a new and powerful crane, saw in a moment that the 
arrangement of bony trabeculae was nothing more nor less than a diagram of the 
lines of stress,… that Nature was strengthening the bone in precisely the manner 
and direction in which strength was required; and he is said to have cried out, 
‘Th at’s my crane!’.2(Figure 4.18)
2  Thompson 1961, P 232.
Figure 4.18  Culman Crane Head and Femur.
Th ompson 1961, P 232.
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Figure 4.19  Natural Material Optimization in the Human Femur
Figure 4.20  Scanning Electron Micrograph of Cancellous Bone Tissue
Cancellous Bone
Cancellous bone off ers a valuable model for the organization of matter 
in structural applications. It is porous bone that is found in several places 
throughout the body, most notably the femur and skull.(Figure 4.19) Th e 
internal structure of cancellous bone is highly complex with distinct structural 
arrangements at seven diff erent scales.3 Th e basic building block of bone is the 
collagen fi bril which is assembled into tiny struts called trabeculae. (which 
means little beams in Latin)4 As described by Th ompson above, these rod like 
elements form a porous network (Figure 4.20) that is structured so that the 
orientation and density of the material responds to stress in an ideal manner. 
Observation suggests the material is aligned to principal stress trajectories, 
meaning the material experiences almost purely tension and compression 
with very little shear or bending. Such an arrangement greatly improves the 
structural performance of the bone with very little material. It is well established 
that materialization in response to stress occurs during the growth process, 
but the precise mechanism is not entirely understood. It is known that bone 
is piezoelectric , which means that it emits electric potential when under stress, 
and it is believed that this property is responsible for the stress induced growth.5 
Th e internal structure of cancellous bone is not only infl uenced by the forces 
acting on it during its growth, but throughout its life. Specialized cells remove 
older bone and replace it with new bone such that it is more ideally suited to 
changing loading conditions.6 For example, when a woman becomes pregnant 
the added weight of the baby will change loading conditions on her legs, which 
will trigger an internal restructuring of the bone. Th e optimal structuring of 
matter as a process of growth and iterative replacement will form a key part of 
the algorithmic process of materialization employed in the material system.
Trees
Like cancellous bone trees also exhibit the structuring of fi bres in response to 
loading conditions. An in depth study of the structural implications of adaptive 
growth in trees is presented by Claus Mattheck in his popular 1998 book titled, 
Design in Nature, Learning from Trees. Mattheck presents the axiom of uniform 
3  Weiner and Wagner 1998.
4  Gibson and Ashby 2001, P 429.
5  Gibson and Ashby 2001, P 432.
6  Weiner and Wagner 1998, P 274.
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Figure 4.21  Adaptation by ovalation in 
direction of strongest wind.
Mattheck 1998, P. 25. 
Figure 4.22  Reaction Wood: Elongation in 
Direction of Predominant Wind 
Loads
stress in the natural world, demonstrating that organisms hold an evolutionary 
advantage if their material is dispersed is such a way that mechanical stress is 
evenly distributed throughout their structures. Such a distribution ensures there 
are no stress concentrations that would be more susceptible to breakage than 
other areas, and that there is not excessive material that unnecessarily consumes 
energy in its production and transport.7 In realizing the potential for this to serve 
as an ideal model for material effi  cient design, Mattheck explores stress driven 
growth and adaptation in trees to develop computer software that employs fi nite 
element analysis in the simulation of such processes for the purposes of design.
An example of stress driven growth in a tree is the shape optimization of 
its trunk in response to asymmetric wind loads. It is well known that a circular 
cross section of a column resists lateral loads from any direction equally without 
bias, which explains the circular cross section of most trees. However, if a tree 
were to experience strong winds predominately from a single direction such 
a cross section is not ideal, as it would not lead to a uniform distribution of 
stress. It has been observed in nature that in such instances the circular cross 
section will tend toward an oval with its long axis aligned to the predominant 
wind direction.(Figure 4.21) Th e reason for this is that the tree deposits reaction 
wood in areas of greatest bending stress during growth. Coniferous trees deposit 
compression wood on the lee side while deciduous trees deposit tension wood 
on the windward side. (Figure 4.22) Th e benefi ts of this shape can be understood 
through the classic formula for bending:
σb  =  bending stress
M  =  the moment about the neutral axis
y  =  the distance between the neutral axis and the extreme fi bre
I  =  the moment of inertia
7  Mattheck 1998, P. 25. 
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It can be observed that a greater moment of inertia will result in lesser 
bending stress. Th e eff ect of the shape of the tree trunk on the moment of inertia 
can be understood through the formula for the moment of inertia of an oval 
cross section.
  
I = moment of inertia
b = short axis radius
a = long axis radius
It can be observed through the formula that an incremental increase in the 
long axis will cause a 3rd order rise in the moment of inertia while an increase 
in short axis will only create a linear rise. Th us it is far more benefi cial for a tree 
to deposit wood in predominant wind direction to achieve the most uniform 
distribution of stress under loading.8
Th is diff usion of stress concentrations through the distribution of reaction 
wood can also be observed where trees interact with their environments through 
direct contact. When a tree leans against another tree, a fence, rock, or any 
other object in its environment it creates a stress concentration at the point of 
contact. To counteract this concentration the tree deposits reaction wood that 
then evenly distributes the stress into the rest of the tree. (Figure 4.23) Figure 
4.24 presents a simulation of the eff ects of this process through fi nite element 
analysis showing the tree before and after the natural process of optimization.9
4.4.2 Computer Aided Material Optimization
Th e goal of Mattheck’s investigation was to develop ways of applying the 
axiom of uniform stress in  industrial design. He developed several graphical and 
computer based material optimization methods, the most popular of which is 
Soft Kill Optimization. SKO is a computer based method of optimization that 
begins with a fi xed design space or bounding box of a component or structure, 
8  Mattheck 1998, P 26.
9  Mattheck 1998, P 97.
Figure 4.23  Reaction wood in area of stress concentration, resulting 
from tree leaning on a gravestone.
Figure 4.24  Simulation of material optimization in trees.
Mattheck 1998; P 97.
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areas of support are then defi ned and loading conditions applied. Finite 
element analysis is then employed to determine areas of high and low stress 
before material is incrementally removed from areas of low stress. Th is process is 
reiterated until a predetermined overall volume fraction of material is achieved. 
(Figure 4.25 & Figure 4.26) Th e result of this automated process of stress driven 
material optimization is an arrangement of material that is perfectly suited to its 
structural performance requirements.10
Soft Kill Optimization has evolved into the specialized fi eld of topology 
optimization and is widely used in the engineering profession for the design of 
structures at a variety of scales. An example of which is the tiny micro gripper 
developed by Ole Sigmund and his team at the Technical University of Denmark, 
as part of a research project aiming to achieve nanoscale automated fabrication. 
Th e nanogripper is approximately 10,000 times smaller than a human hand 
and is capable of manipulating individual carbon nanofi bres.11 (Figure 4.27) 
Topology optimization was also used in the development of the ultra-lightweight 
frame for the Mercedes Benz Bionic Car. A concept car designed via biomimetic 
principals. Th e use of topology optimization in the design of the frame led to 
a thirty percent reduction in material without compromising strength. (Figure 
4.28)
Topology optimization is also being explored at an architectural scale by 
a research group at the Aarhus School of Architecture in Denmark, led by Per 
Dombernowsky and Asbjørn Søndergaard. Th eir Unikabeton project is one of 
the fi rst applications of topology optimization in full scale concrete structures. 
Th eir research involves the development of a design process that allows for the 
simultaneous consideration of engineering and architectural concerns in seeking 
a balance between structural optimization and aesthetic aff ect. (Figure 4.29 & 
Figure 4.30)
Applications in existing research typically require casting using rigid molds, 
or milling from solid pieces of material to achieve the fi nal optimized form, both 
of which involve signifi cant material waste and expense at an architectural scale. 
Th e proposed material system will employ stress driven material distribution 
in such a way that rigid moulds will not be necessary, only simple temporary 
supports that can be reused indefi nitely. 
10  Mattheck 1998, P 38.
11  Sigmund 2008.
Figure 4.25  Soft Kill Optimization of a Simple Cantilever
MAttheck 1998; P 227.
Figure 4.26  Soft Kill Optimization of bridge.
MAttheck 1998; P 228
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Like the computer aided methods outlined above, the proposed material 
system will draw from the axiom of uniform stress observed in the natural world 
in the structuring of biological materials in response to stress, but will take a 
diff erent approach in the specifi c optimization processes. Instead of beginning 
with a solid volume that is iteratively reduced to its essential material, the 
proposed system will begin with a host surface that is then materialized in a 
bottom up process of simulated growth and adaptation.  Wood strips will be 
deposited across the surface such that their resultant density is proportional to 
the stress levels within the surface. More specifi cally, material will be distributed 
throughout the surface structure via an algorithmic procedure akin to the 
growth processes of fi brous structures such as trees and bones. Finite element 
analysis and probability functions will be used to determine seed points in 
areas of high stress. From these seed points geodesic lines will be generated in a 
stochastic process of growth and selection based on a number of performance 
criteria and manufacturing constraints. Th e major criterion for the selection of a 
newly deposited geodesic line is its conformity to the overall density map of the 
surface, which is determined as a function of the average stress in the surface. 
Th is iterative process is modeled on the adaptation of cancellous bone to external 
loads, where new fi bres are deposited in areas of high stress and removed from 
areas of low stress. In both bones and the proposed material system this ensures 
that there is uniform stress throughout the structure, which greatly contributes 
to the material effi  ciency of the system. Th e algorithmic process will be broken 
down in more detail in the following chapter.
Morphogenetic material systems off er a valuable paradigm in addressing the 
major problems of this thesis. A bottom up process of materialization modelled 
on the adaptive growth of fi brous structures allows for the simultaneous 
consideration of intrinsic material behaviour and external loading conditions. 
Th e proposed material system will work with the natural characteristics of the 
material through the use of geodesic curves, and respond to loading conditions 
through the adaptive process of stress driven material distribution. Th e 
combination of these methods will converge in a single algorithmic process of 
materialization that achieves both free form and material effi  ciency in timber 
surface architecture.
Figure 4.27  Topology Optimized 
Microgripper
Figure 4.28  Mercedez Benz Bionic Car 
(2005)
Figure 4.29  Unikabeton full scale topology optimized concrete structure.





Th e issue of material waste in recent timber surface structures is addressed 
through the formation of a morphogenetic material system. At the core of this 
system is a generative algorithm that is developed and tested through the design 
and construction of a small scale free form timber lattice. Th ere are two major 
aims of the algorithm; the fi rst is to use only linear wood members to avoid 
wasteful subtractive fabrication processes, and the second is to distribute material 
throughout the structure as effi  ciently as possible.  To achieve these goals, two 
morphogenetic design principles are implemented. First, the generative rules 
of the algorithm must work with the material to remain within its physical 
limitations and natural behaviour; and second, the algorithm must unfold under 
the infl uence of external forces that relate to performance objectives. In the case 
of this material system, this means the algorithm must remain within the natural 
limitations of straight timber strips as they bend and twist in space to conform 
to a double curved surface, as well as respond to the eff ects of gravity on the load 
bearing capacity of the structure. Th e specifi c methods use to implement these 
strategies involve the use of geodesic lines to capture the bending and twisting 
behaviour of the timber strip in geometric relationships, while fi nite element 
analysis off ers the means to respond to variations in loading conditions. 
Th e generative algorithm is based on a stochastic process of growth and 
selection.  Th e basic procedure involves the placement of a seed point on the 
surface in an area of high stress, from that point a geodesic line is grown outward 
in two directions along a randomly selected trajectory. Th e growth of the line 
terminates at the boundary of the surface and the line is then tested against 
a number of fi tness criteria relating to structural performance and fabrication 
constraints. Th e dominate factor in the selection process is the test for adherence 
to the overall density map of the surface derived from the results of the structural 
analysis. Th ousands of geodesics are grown and discarded in the process of 
attaining a viable solution. Due to the stochastic nature of the algorithm, the 
resulting structure will be diff erent every time, even with identical inputs. 
However, each result will conform to the established structural performance 
requirements and manufacturing constraints. 
Th e main contribution of this work is in the development of the generative 
algorithm and its evaluation through the construction of the architectural 
installation. However, the long term intention of the work is to be implemented 
as a full scale building system, and it is important to consider the implications 
of doing so. 
Figure 5.1  1/16" White Ash Veneer (7” x 14’)
Figure 5.2 White Ash Veneer Flexibility Test
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5.1 | Generative Algorithm
5.1.1 Material Selection: 
1/16” White Ash Veneer (Figure 5.1)
 
Material selection for the installation occurred rather early on in the 
process, as material behaviour and limitations are an integral part of the system. 
Originally, plywood was thought to be the ideal material in terms of its strength 
and fl exibility. Unfortunately the only plywood fl exible enough for the desired 
radii of curvature was aircraft plywood, which was prohibitively expensive in 
the quantities required. Hardwood veneers were considered next and of the 
available species, white ash was the logical choice. After a few simple tests, white 
ash proved to be the strongest, most fl exible, most economical and it came in 
lengths up to 14’.
5.1.2 Black Box
To simplify the understanding of the algorithmic process it is helpful to fi rst 
view the internal workings as a “black box”, concerning oneself with only the 
input and output of the process. (Figure 5.3) In the case of the stochastic lattice 
algorithm the primary inputs are the host surface upon which the algorithm will 
unfold, the constraints stemming from the material and fabircation/assembly 
processes and the fi nite element analysis mesh containing the structural 
performance data.  After the algorithm has run its course the fi nal outputs are a 
structural centerline model of geodesic curves, the fabrication and assembly data 
and the 3d strip geometry for drawings and visualization.
5.1.3 Host Surface
Th e host surface represents the form to be materialized by the algorithm 
and provides the spatio geometric means for the process to unfold. Th e surface 
was designed to create a free and expressive form that serves to test the limits of 
the material system.(Figure 5.4) Th e surface transitions from convex to concave 
curvature introducing structural weak points where the surface experiences 
signifi cant bending stress. As described in the fi rst chapter, surface structures 
Figure 5.3  Algorithm Black Box 
Figure 5.4  Host Surface
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Figure 5.5  Finite Element Analysis (Von Mises Stress)
achieve their stiff ness through curvature and folding, which is especially critical 
in areas that experience bending. Th e developed form strays far from an ideal 
structural shape, which in typical structural systems would greatly increase 
the material intensity of the structural system. Th is form will test the ability 
of the material system to lessen the burden of straying from typical structural 
morphologies. Th e surface was designed as a suspended form to evaluate the 
system’s ability to maintain its form without the help of boundary constraints.
5.1.4 Structural Analysis
Basic structural analysis was conducted in Oasys GSA to produce the fi nite 
element mesh used as input for the algorithmic process.(Figure 5.5) Curved shell 
analysis was employed to determine the scalar gradient of Von Mises stress across 
the surface. Von Mise stress is a common method of analysis that considers 
principal stresses in three directions and in plane shear stress to produce an 
average stress at each node of the mesh that can be compared to the allowable 
stress of the material. Th e formula for Von Mises stress is as follows:
*see (Figure 5.6).
Simplifying assumptions employed in the analysis: 
• basic curved shell analysis
• hypothetical isotropic material with uniform density 
• 20mm shell thickness
• self-weight due to gravity
• rotational freedom at supports
Th e structural analysis employed for a building application would require 
much more rigorous and detailed load cases including wind and snow loading. 
Such detailed analysis is beyond the scope of this thesis; however the end result 
of such analysis would be a similar fi nite element mesh that could be input into 
the algorithm in the same manner as the results in Figure 5.5.
Figure 5.6  Von Mise Stress Components in a Shell Element
Image by Author.
57Figure 5.7 Main Algorithm Flowchart.
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Before examining the inner workings of the algorithm it is important to 
understand its high level functions. Th e algorithm fi rst selects a seed point in an 
area of high stress to increase the probability of the resultant geodesic occurring 
in an area where greater density is required. From that point two geodesics are 
grown in opposite directions along a random trajectory and are then joined 
together to form one continuous geodesic that spans across the surface. Th e 
geodesic is then tested against various fi tness criteria and either stored or 
discarded. Th e geodesics are built up in layers of non-intersecting curves. Once 
a layer is saturated and the algorithm fails a certain number of times, it moves 
onto the next layer. Th is process repeats until a predetermined number of layers 
are saturated with geodesic curves without exceeding the density requirements 
and joint spacing restrictions. 
5.1.5 Input Data
Explanation of each input derived from the surface or structural analysis:
Mesh nodes (Figure 5.11)
• Th e mesh nodes are the points in space that are used extensively 
throughout the algorithm to map quantitative information in the 
form of scalar gradients onto the surface. Each mesh node is assigned 
numerical values that can be referenced at any time as the algorithm 
unfolds. Bilinear interpolation and “closest point” methods can be 
used to approximate the values of the scalar fi elds between mesh nodes.
Figure 5.8  Select Seed Point
Figure 5.9  Grow Geodesic
Figure 5.10  Test GeodesicFigure 5.11  Mesh Nodes
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Stress Values (Figure 5.12)
• For the purposes of the installation the relative distribution of stress 
throughout the surface is required rather than the specifi c quantities. 
Th e stress information is thus remapped to values between 0 and 1, to 
make it easier to work with within the algorithm. 
Host Surface (Figure 5.13)
• Th e host surface to be materialized using the algorithm. 
Boundary Curve (Figure 5.14)
• Th e boundary of the host surface, which is used to stop the growth of 
the geodesic lines from occurring beyond the edge of the surface.
Base Layer of Geodesic Lines (Figure 5.15)
• In most anticipated applications of the material system, careful 
placement of material at the boundary conditions would be required 
to ensure an appropriate interface with the context. To address this, the 
geodesic lines on the fi rst layer are generated in advance using manual 
controls and then fed into the main algorithm. 
Figure 5.12  Stress Values Mapped to Mesh Nodes
Figure 5.13  Host Surface Figure 5.14  Surface Boundary Curve Figure 5.15  Layer 1 Geodesic Curves
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No fl y radii (Figure 5.16)
• Th e “No Fly Radii” serve as the major method of controlling the 
density of material on the surface. Essentially assigning a spherical 
zone around each intersection point between two geodesic lines within 
which no other intersection point may occur. Th e radii vary across the 
surface in direct relation to stress values to ensure the distribution of 
material as a function of stress. Th e range within which these values lie 
is manually controlled by sliders within the grasshopper defi nition, but 
with more thorough structural analysis a mathematical function could 
be developed that would relate the actual stress values, member sizing 
and no fl y radii using shell theory. Such a function would easily be 
implemented within the existing constructs of the algorithm.
Figure 5.16  Density “No Fly Radii” Sampled at Intersection Points for Testing New Geodesic Line
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Joint no fl y (Figure 5.17)
• Joint No Fly refers to the minimum distance between joints and 
wood strips to ensure that the new strip does not interfere with joint 
hardware.
• Th e distance is the same for every joint but depends on the joint 
hardware.
• Joint no fl y formula:
a = joint no fl y radius
r = radius of joint hardware
w = width of wood strip
2  = 2mm buff er
Figure 5.17  Joint No Fly Radius
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Min intersections
• To ensure that each strip of wood is adequately embedded within the 
structural network, a minimum number of connections per timber 
strip can be set. Otherwise the layout of geodesics will be full of strips 
that span between only two others, which won’t contribute signifi cantly 
to the structural integrity of the lattice.
Min Curvature (Figure 5.18)
• Th e wood strips to be used in surface structure have a minimum dry 
bending radius that can be achieved without risking failure. Th is value 
can be set so that any geodesic lines with a radius less than the minimum 
will be rejected. During initial tests it was determined that a 100mm 
minimum bending radius for the white ash veneer was a reasonable 
limit. Staying within these limits allows the surface to be constructed 
purely by dry bending the material into place before fastening. No 
steaming or soaking is needed to achieve the bending radii required, 
which greatly simplifi es the fabrication process.
Figure 5.18  Minimum Curvature Analysis
Figure 5.19  Bending Test Breakage Figure 5.20  Minimum Bending Radius
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Figure 5.21  Iterations of the Weighted Random Seed Point Generator
Figure 5.22  Weighted Random Seed Points
5.1.6 Sub Procedures:
Generate Seed Points
To steer the algorithm toward generating more geodesic lines in areas 
of high stress, a number of seed points for the curves are generated such that 
they occur in greater numbers in areas of high stress. Th is is achieved using 
a weighted random values function that randomly selects points from a fi eld 
but in such a way that points that occur in areas of high stress have a greater 
statistical probability of being selected. 1
• Th e process begins with a list of points evenly distributed across the 
surface, and a list of stress values that correspond to those points.
• Th e list of stress values are then sorted and added together one at a time 
to create the total sum and a partial sum at each step along the way. Th is 
creates a list of partial sums that correspond to each stress value. Each 
partial sum is used as the weight for its corresponding point on the surface. 
• Th e next step is to generate a random number for each of the points on 
the surface that ranges between 0 and the total sum of all the stress values.
• Th e VB.net script seen in Figure 5.22 then compares the random number 
and weight for each point on the surface. If the random number for a 
particular point is less than the weight of that point then it is added to the 
list of seed points.
1  The general method for generating seed points was adapted from a blog post regarding a 
similar system developed by Chris Chalmers. (http://biosarch.wordpress.com/)
• Th e result is a list of randomly placed points that are more likely to be 
located in areas of high stress.
64Figure 5.23 Grow Geodesic Flowchart
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Limitations
Th e incremental procedure outlined herein is actually an approximation 
of a geodesic line. Th is procedure is similar to the Euler method of integration 
for diff erential equations in vector calculus. With each increment the path gets 
slightly more off  track, accumulating the error as it moves across the surface. 
Th is margin of error is proportional to the step size. Th e smaller the step size the 
smaller the margin of error. Th e step size of 3mm used for the geodesic layout of 
the installation was small enough to keep the error within the tolerance of the 
white ash veneer. Th ere is a direct trade-off  between step-size and computation 
time, but for practical purposes this margin of error should be negligible. 
Grow Geodesic
Once a seed point is randomly selected from the population, the geodesic 
curves are grown outward in two directions by copying the initial point across 
the surface via a series of vector functions. 2 Th e result is a series of points that 
follow a geodesic trajectory that can be interpolated to create a NURBS curve 
on the surface. Th e propagation of the geodesic curve across the surface can be 
visualized as a tiny car driving across the surface with its steering wheel locked 
in place. Th e starting point and initial direction are set and the car is sent off  
across the surface until it encounters the boundary and stops.  Th e path the car 
follows will have no sideways drift, and will follow the equivalent of a straight 
line on a curved surface.
2  The algorithm for growing the geodesic curves described herein was adapted from a tool 
created by Lorenz Lachaur and shared on his blog http://eat-a-bug.blogspot.com. 
Figure 5.24 Geodesic Curves Interpolated From Points
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Grow Geo Sequence
Figure 5.25  Move seed point along the direction vector one 
increment. (~3mm)
1
Figure 5.26 Find closest point on surface. (pos)
2
Figure 5.27 Get the surface normal vector at pos. (axis)
3
Figure 5.28 Calculate the cross product between dir and axis. 
(temp)
4
Figure 5.29 Calculate the cross product between axis and temp. 
(new dir)
5
Figure 5.30 Store the point and begin sequence again with new 
direction vector.
6




Th e basic function of the testGeo sub procedure is to determine whether 
the newly laid geodesic line conforms to the constraints of the system. If the 
geodesic line passes the six tests the curve and its intersection data are stored 
before moving onto the next line, otherwise the line is discarded.
Each new geodesic line spans across the entire surface with its end points 
both falling on the surface boundary. In most cases the entire geodesic will not 
meet the various constraints while sub portions of it will. For this reason each 
geodesic line is broken down into sub parts before being analyzed. If there are 
adjacent sub parts that meet the criteria they are re-joined before being stored.
1. density test 1 – Filters out portions of the geodesic that exceed the allowable 
density on the surface.
• Th e density test 1 function begins by splitting the geodesic at its 
intersection points with the geodesics on the layer below.
• Th e intersection points are then tested to determine whether they fall 
within the NoFlyRadii of all intersection points on the layer below. 
(Figure 5.32)
• Th is is accomplished by fi nding the closest existing intersection point 
to each new point and comparing the distance between them to the 
corresponding no fl y radius. If the distance is less than the no fl y radius 
the test fails.
• All segments that do not have intersection points within existing no fl y 
zones are then recombined if possible.
2. cLayer test – tests for intersections with existing geodesics on the current 
layer.
• Before the cLayer test is conducted successful segments from the 
previous test are broken into their smallest possible sub segments, each 
spanning between two geodesic lines on the layer directly below.
• Each sub segment is then tested for intersections against all existing 
geodesics on the current layer. All segments that do not intersect are 
passed to the next test.
3. joint interference test – tests each segment for interference with joint 
hardware of existing intersection points on the layer directly below, and also 
tests new intersection points for interference with existing geodesics on the 
Figure 5.32  Density “No Fly Radii” Sampled at Intersection Points 
for Testing New Geodesic Line
Figure 5.33 Testing new geodesic for intersections with existing 
geodesics on the current layer.
Figure 5.34  Checking distance between each existing 
intersection point and its closest point on the new 
geodesic against the joint no fl y radius
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layer below.
• First the function fi nds the closes point on the potential segment to 
each existing intersection point on the layer directly below the current 
layer. If the distance between any of the existing intersection points 
and their corresponding point on the potential segment is less than the 
jointNoFlyRadius the segment is not retained. (Figure 5.34)
• Next the function iterates through each intersection point of the 
potential segment fi nding the closest point on each existing geodesic 
on the layer below. If the distance between each new intersection 
point and its closest point on the existing geodesic lines is less than 
the jointNoFlyRadius than the segment is not retained. (Figure 5.35)
4. density test 2 – similar to density test one but tests the new intersection 
points against those on existing layers two or more layers below the existing 
layer.
5. curvature test- tests each segment to ensure its radius of curvature does not 
fall below the minimum dry bending radius of the 1/16” white ash veneer. 
(100mm) (Figure 5.36)
6. minXtest – tests each segment to ensure it has at least 3 intersection points 
along its length. Any less would result in geodesics that only span between 
two existing curves. Such curves would not be embedded well within the 
structural network and would not make a signifi cant contribution to its 
integrity. 
Figure 5.35  Checking distance between each new intersection point and the 
closest points on each existing geodesic against the joint no fl y 
radius
Figure 5.36  Sampling radius of curvature along a geodesic line. Min curvature 
= 170mm.
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Figure 5.37  Structural Centerline Model
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5.1.7 Results
Th e output of the algorithm is a structural centerline model that consists 
of a non-oriented network of geodesic curves that conform to the established 
material limitations, fabrication constraints and structural performance 
objectives. (Figure 5.37)
In areas of heightened stress the spacing of the members tightens and 
the surface thickens through layering. Th e stochastic functions within the 
algorithm produce a diff erent result every time, mirroring the randomness and 
self-similarity of natural material systems. (Figure 5.39) Although the specifi c 
arrangement and orientation of the members is diff erent every time, the material 
density is consistent and the embedded constraints are maintained. Th e material 
used in the structure is also consistent throughout the variations. Th e average 
volume of material within the models depicted in Figure 5.39 is 14.5x107mm3 
with a maximum variance of 4.8%.z  
Figure 5.38 Density Analysis
Figure 5.39  Algorithm Iterations
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Structural Network
Th e irregular arrangement and layering of the geodesic lines creates a robust 
and deeply interconnected structural network. Typical structural systems consist 
of hierarchies of structural components. In these systems, structural members 
are only connected to other members that are directly adjacent to them within 
the hierarchy. For example, in a typical wood framing system, columns support 
beams, which support joists, which support decking.  Th is creates a linear 
dependency within the system, such that if one column were to fail, all the 
members dependent on it would also collapse. 
Alternatively, the structural networks produced by the generative algorithm 
are distributed and non-hierarchical. Th e layers of timber strips are not analogous 
to the levels within a typical structural hierarchy as there are interconnections 
between all layers. Th is creates multiple load paths capable of withstanding a wide 
variety of loading conditions. Figure 5.40 is a complexity map that depicts the 
interconnections between structural members and layers of structural members 
within the system, which demonstrates its high degree of interconnectedness.




Figure 5.41 demonstrates how the algorithm responds to changes of the 
“NoFlyRadii” constraint, which controls the relationship between material 
density and stress variations (see algorithm inputs).  In the fi rst layout the 
NoFlyRadii is set to zero, which eff ectively removes the density constraint from 
the algorithm. Due to the seed point generator, there is still slightly greater 
density in the areas of greatest stress. Th e increased probability of seed points 
occurring in areas of high stress is passed to the geodesic lines. However, 
the eff ect is weakened as the lines extend beyond the high stress zones. Th e 
second layout depicts the result of the NoFlyRadii being set to a range of 0 to 
100mm, which was the setting used for the generation of the layout used in the 
installation. Th e last demonstrates the eff ect of increasing the upper limit to 
200mm.  Th e resultant layout is signifi cantly thinner, as fewer geodesics pass the 
stricter density constraint.
Layers
As the algorithm unfolds, new geodesic lines are dependent on those that 
preceded them. Th is is particularly evident in the patterns created by members 
of the same layer. Th e assembly and fabrication constraints prevent them from 
crossing, or coming to close to one another, while the shape of the surface 
infl uences their specifi c paths. As a result, on each individual layer the geodesics 
tend to roughly align with each other while keeping their distance from their 
neighbours. (Figure 5.42)
Material Effi  ciency 
It is very diffi  cult to determine the precise amount of material savings 
granted by this method without detailed structural analysis, but it is possible 
to approximate the avoided waste. Th ere were two strategies deployed within 
the algorithm that contribute to the material effi  ciency of the system. Th e fi rst 
was to ensure that the entire structured could be fabricated using only straight 
pieces of timber, which was done successfully through the use of geodesic lines. 
To approximate the amount of material saved by adhering to this restriction 
one can look to the Centre Pompidou as a base for comparison, as the two 
structures are of a similar level of formal complexity. If the structural lattice of 
Figure 5.41  Variable Density Results
Figure 5.42  Geodesic Layers
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       Volume Required Responding To Stress Variations  = 1.39 x107mm3
Volume Required Not Responding To Stress Variations  = 1.68x107mm3
Material Savings   =  1.68x107mm3-1.39 x107mm3 
                  1.39 x107mm3
       = 21.7%
*Th erefore an addition 21.7% of material was saved by responding to stress 
variations throughout the surface.
Combined with the material saved by avoiding subtractive fabrication processes 
the generative algorithm saved up to 70% of the load bearing material required 
for the installation.
the installation had not remained within the natural limitations of the timber 
strip, it would have required a similar amount of material to be milled off  to 
achieve the structural geometry.  Th is means by using geodesic curves for the 
centerlines of the structural geometry saved up to 50% of the material required 
for the lattice.
Th e second material saving technique was to distribute the material 
in response to the stress present in the surface. Th e standard practice for the 
allocation of load bearing material throughout a structure with non-uniform 
loading conditions is to allow the area of greatest stress to govern for the entire 
structure. Th is was the method employed in the Centre Pompidou where member 
sizing and spacing is consistent throughout the entire canopy despite large stress 
variations. To determine the amount of material saved in the installation it is 
necessary to calculate the amount of material that would have been required if 
the areas of greatest stress governed for the whole surface. 
To accomplish this, the material density was sampled in an area of high stress 
and then applied to the entire surface. (Figure 5.43)
                                        Sample Area = 7.94x104mm2
       Volume of Structural Material in Sample Area  = 3.24x105mm3
                                         Density of Sample Area  = 3.24x105mm3 
            7.94x104mm2
      = 4.09mm3/mm2
                                    Total Surface Area = 4.11x106mm2
Density of Sample Area Applied to Whole Surface:
    = 4.09mm3/mm2 * 4.11x106mm2
    = 1.68 x 107mm3
Figure 5.43  Material Savings Calculation High Density Sample Area
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Constraint Analysis
Figure 5.44 depicts the fl ow of geodesic curves through the test phase of 
the algorithm where unsuitable curves are fi ltered out and discarded to ensure 
only suitable members make their way into the fi nal lattice. Th e diagram shows 
the relative infl uence that each constraint has on the outcome of the algorithm, 
which generated and tested 194,468 geodesic curves in order to fi nd 96 suitable 
candidates.
Figure 5.44  TestGeo Algorithm Analysis: Limiting Factors
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Fabrication Data
Th e entire lattice is composed of simple pin jointed timber strips. While 
each strip is unique, they all have the same width and depth, making the length 
and joint locations the only variables required for fabrication. Th e assembly 
process requires more information to know where in the structure each strip is 
located and which strips it connects to. Most of the information required for the 
fabrication and assembly can be extracted from the intersection events within 
the model. (Figure 5.45)
Fabrication Data:
1. Strip Length
2. Hole Locations (xPars)
Assembly Data:
1. Layer ID numbers
2. Strip ID numbers
3. Hole ID numbers (sourceIDs)
4. Adjoining hole ID numbers (targetIDs)
5. Angle of intersection between adjoining members (xAngles)
An algorithm was created to automate the process of extracting the 
fabrication and assembly data from the 3d model and translating it into the 
digital fabrication fi les and shop drawings. As the data was extracted from the 
model it was stored in data trees that were structured to match the organizational 
hierarchy of the lattice. Th is gave each piece of information a data path that 
described its place within the data tree but also served as a serial number that 
described its place within the structural lattice.  
Figure 5.46 is a graphical representation of the datatree and organizational 
hierarchy of the structural lattice. Th e top level of the hierarchy or main branches 
represent the layers within the structure, their sub-branches represent the strips 
on each of those layers, and then each of those sub branches contain lists of 
items that correspond to each hole on each strip. Figure 5.47 shows how data 
trees and datapaths work in Rhino’s Grasshopper plugin and their syntax. As an 
example, the 22nd geodesic curve on the third layer would have a datapath of 
{3;22}, while the 5th intersection point on that geodesic would have a datapath 
of {3;22}(5), which represents the 5th item within the list on the 22nd sub-
branch of the 3rd main branch.
Figure 5.45  Intersection Data
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Figure 5.46  DataTree and Organizational Hierarchy
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Hole ID Numbers
Th e hole ID numbers are simply the data paths of any of the intersection 
data. For example the data path of an intersection point (xPt) could have a 
datapath like {4;19}(6), which means that the xPt is the 6th item on the 19th 
sub branch of the 4th main branch, but also means it is the 6th hole on the 19th 
strip on the 4th layer. So the datapath can be directly translated into a serial 
number that serves as a label that describes the location of the hole and its strip 
with the structural lattice. So {4;19}(6) becomes 4.19.6 (layer.strip.hole).
Target Hole ID Numbers
Th e ID numbers of the adjoining holes are required for assembly and 
are obtained by extracting the datapath of the matching xPt on the adjoining 
geodesic in the 3d model and translating it into a serial number and label in the 
2d drawings.
Building the data trees via the same logic as the organizational hierarchy 
of the lattice simplifi es the many data matching operations required in the 
creation of the digital fabrication fi les and shop drawings, and also provides 
serial numbers that can be used for assembly labeling. 
Data Extraction and Translation (Figure 5.45)
Strip Length
A simple length query of each three dimensional geodesic curve can be 
extracted from the lattice, stored at the strip level of the data tree and later used 
to create a straight line of equal length within the two dimensional drawings.
Hole Locations (xPars)
Th e location of a point along any curve, whether 2D or 3D can be described 
as a point parameter. Each curve in the lattice and their corresponding 1D line 
within the drawings were reparameterized to have a domain from 0 to 1. Th is 
range is used to describe any point along the length of the curve as a number 
between 0 and 1. For example, 0.5 represents the midpoint of the curve, while 
0.25 represents a point a quarter of the way along the length from the start 
point, while 0.66 represents a point one third of way from the end. Th e joint 
locations on the 3d dimensional curves can be extracted from the model in 
terms of their point parameters (xPars) and directly translated onto the straight 
lines within the drawing.
Intersection Angle (xAngles)
Th ere are a few steps required to determine the angle of intersection between 
two adjoining curves. First you need to determine the fi rst derivative or tangent 
vector (d1 and d2) of each curve at the point of intersection. Th en you need to 
fi nd the normal vector on the surface at the point of intersection. Th en you can 
calculate the angle between the two tangent vectors about the normal vector. 
Th is angle can then be translated into the 2D drawings by rotating a small line 
by the same angle about the corresponding intersection point on the 2D curve. 
It is important to maintain the axis of rotation using the right hand rule to 
ensure the direction of rotation is maintained between the 3d and 2d curves. 
Figure 5.47  Data Trees in Rhino’s Grasshopper Plugin
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5.2 | Physical Models
1:5 scale models of the installation were constructed using acrylic rather 
than wood due to the stiff ness of wood at a small scale. Th e bending radii that 
were required were far too tight for wood without steam bending each piece, 
which would have required custom jigs and formwork. Acrylic had a similar 
stiff ness at 1:5 as the full scale wood strips. Th e joints in the model needed to 
mimic the behaviour of the pin joints in the full scale installation, so small head 
pins were used with crimp beads to hold them in place. (Figure 5.49)
Th e fabrication data was translated into laser cutter fi les using the methods 
described in the previous section. Th e labelling information required for assembly 
was etched onto the strips around each joint. Th e information included the hole 
id, target hole id and angle of intersection.(Figure 5.50)
Figure 5.48 1:5 Acrylic Models 1 through 4. Figure 5.49  Joint Detail
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Figure 5.50  Fabrication Data for Laser Cutter Files
Figure 5.51 Scale Model Joint Detail Figure 5.52 Laser Cutter Sheets
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Model 1
Th e fi rst model experienced too much defl ection. Th e suspected causes were:
1. Th e joint holes were too big for the head pins allowing for too much 
movement in the joint. For the next iteration this was addressed by carefully 
tuning the hole size by doing numerous test with the laser cutter to ensure a 
tight fi t between the acrylic and the pin.
2. Th e intersection data was derived from the geodesics fl ush with the base 
surface. Th is failed to account for the slight changes in member length and 
hole locations caused by the geodesics being off set from the base surface 
during the layering process. Th e change was thought to be so small that it 
would not have an eff ect on the rigidity of the structure. Just in case it did 
have an eff ect, it was accounted for by off setting the geodesics normal to the 
host surface to the appropriate height depending on the layer number and 
material thickness. Figure 5.53 Geodesic Off set Normal to the Surface
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Th e second iteration was signifi cantly stiff er meaning the modifi cations 
from the previous model did help, but there was still far too much defl ection. 
Th e physical surface also had less curvature than the virtual model.
It was expected that this could be addressed by anticipating the amount of 
defl ection and loss of curvature within the virtual model by simulating the force 
of gravity and tendency of the material to fl atten out. Th e forces acting on the 
surface were inverted to defl ect the surface upward and exaggerate its curvature 
in the hopes that the surface would defl ect into the desired form upon relaxation 
in the real world.
Th is is a common technique in structural engineering, the most notable 
application of this technique in a built project was for the Great Court Roof of 
the British Museum in London, UK. Th e roof was intentionally constructed out 
of shape so that it would defl ect into the desired form.1 
To accomplish this, a “spring particle system” was employed to simulate 
the physical behaviour of the material under the infl uence of the external forces. 
1  Pearson, 2000.
Model 2
Figure 5.54  Model Defl ection (upright and inverted superimposed)
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To determine the degree to which the model should be defl ected measurements 
were taken of the second model. (Figure 5.54)
Th e bending behaviour of the physical model is not an accurate 
representation of the bending behaviour that would occur in the full scale 
installation due to the diff erences in material behaviour and non-linear scaling 
relationship between volume and bending resistance. To quickly overcome the 
challenges of scalability a simple empirical test was conducted to measure the 
diff erence in defl ection between the acrylic at model scale and the wood at full 
scale. Eight strips of wood at 50mm wide were made to overhang the edge of 
a table by 1m and the amount of defl ection was measured, while 8 1:5 scale 
strips of acrylic were made to overhang the edge by 200mm and the defl ections 
were measured. Adjusting for scale, the average defl ection in the wood was 23% 
greater than the defl ection in the acrylic. 
Th e greater stiff ness in the acrylic despite its poorer strength to weight ratio 
relative to wood, can be accounted for by the diff erence in the rate of change 
between self-weight and bending resistance during scaling. Self-weight increases 
in proportion to volume while bending resistance is dependent on the moment 
of inertia of the member’s cross section. In short, bending due to self-weight 
typically increases faster than bending resistance with an increase in scale, but 
this is especially true for members with cross sections that are wider than they 
are tall.
To account for the deformation and the scaling issues, the virtual model 
Figure 5.55 Deformation Simulation
Figure 5.56 Kangaroo Physics Grasshopper Defi nition
Adapted from Daniel Pikers Shell/Plate Defi inition
Figure 5.57  Gaussian Curvature Analysis
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was deformed fi rst to match the deformation in the second physical model, 
then increased by 23% to account for the diff erences in material and scale. 
Th is is intended as a rough approximation as the nature of the actual defl ection 
behaviour is far more complex, not only due to it acting as a shell but also due to 
the irregularity and interconnectedness of the structural network, which make 
it highly indeterminate. 
Th e material simulation was conducted using Kangaroo Physics, a plugin 
for Rhino’s Grasshopper. Th e system uses a spring particle system to simulate the 
behaviour of material:
“Particles are objects that have mass, position, and velocity, and respond to forces, 
but that have no spatial extent… Despite their simplicity, particles can be made to 
exhibit a wide range of interesting behaviour. For example, a wide variety of non-
rigid structures can be built by connecting particles with simple damped springs.”2
For the purposes of surface deformation the simulation uses a quadrilateral 
mesh with “hinge forces” to resist bending between the faces of the mesh. A 
downward force is applied to each node in the mesh to simulate gravity, and the 
supports are simulated by restraining the nodes where the cables would connect 
to the surface.
Th e third iteration experienced even more defl ection than the second. At 
2  Witkin 2001
Figure 5.58 Corrugation Through Area of Bending
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this point it became clear that the model was not only defl ecting due to a lack 
of stiff ness in the surface but because of the lack of double curvature in the areas 
that experience the greatest amount of bending. One of the limitations of this 
system is that for the surface to maintain its shape it either has to be restrained 
at its boundaries or be “non-developable”3.  
Th e form of the surface is purely maintained by constraining the distance 
between the pin joints on the surface. Th e surface will distort if a portion of 
the surface can fl atten out without changing the distance between the joints in 
that area. To determine the areas that will experience this problem an analysis 
of the Gaussian curvature of the surface was conducted. Areas of zero Gaussian 
curvature (green in Figure 5.57) or in other words, areas that are curved in 
only one direction as opposed to two, will tend to fl atten out if they are not 
constrained by either rigid boundary conditions or areas of double curvature 
(blue and red in Figure 42).
Th is had the greatest eff ect in the area that a corrugation was introduced 
to the surface to increase its bending resistance. (Figure 43) Th e problem being 
3  In mathematics, a developable surface is a surface with zero Gaussian curvature. That is, it is 
a “surface” that can be fl attened onto a plane without distortion. (Source: Wikipedia)
that without the boundaries being constrained the surface had a tendency to 
fl atten out or even buckle into the inverse of the desired curvature, not only 
allowing for greater defl ections but actually introducing internal stresses that 
caused greater defl ections. To address this, the surface corrugation was removed 
in the next iteration, as it was doing the opposite of its intended function.
Th ere was concern that this alone would not solve the defl ection issue, and 
knowing that the defl ection in the installation would be greater than in the 
model, further adjustments were needed. To increase the stiff ness of the surface 
a diff erent layering strategy was introduced to increase the moment of inertia of 
each member. (Figure 5.59) Rather than using each geodesic for a single curve 
the members were layered in a sandwich confi guration. A signifi cant increase in 
the bending resistance of each member would result.
At this point the surface form was also refi ned to increase its surface area 
throughout the center and reduce it in the cantilevered areas. Th is was to give 
it a more balanced aesthetic while reducing overall bending stress. For the 
next iteration the defl ection was once again anticipated and inverted using the 
material simulation method outlined in the previous section.
Model 3
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Figure 5.59  Eff ect of Layering on Moment of Inertia
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Figure 5.60 Sandwich Style Layering Strategy
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Removing the corrugation and introducing the new layering strategy 
dramatically increased the stiff ness in the model. As expected it did not defl ect 
back to the form of the base surface, because the acrylic is stiff er at 1:5 than the 
wood at 1:1. Th e fourth model was successful with no obvious improvements to 





Figure 5.61 Atrium Plan
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Figure 5.62 Atrium Side Elevation
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Figure 5.64 Fastener Tests






5.4 | Joint Detail Refi nements
5.4.1 Fastener Tests
Several plastic fasteners were considered for their lightness and ease of 
installation (a-c), but unfortunately none of them held a tight enough joint. 
Th ere was no risk of the fasters coming apart, but the two pieces of wood were 
not held tightly together. During the model building process it was determined 
that a tight joint was important in maintaining the desired form of the surface. 
Th e aluminum blind rivet coupled with an aluminum fender washer (d), was 
determined to be the best option. 
However it did have a number of issues:
• Th e joint was too tight which raised concern about stresses accumulating 
within the structure if the joints were not free to rotate.
• Th e top piece of wood was over stressed and would require another 
fender washer to distribute the force of the rivet and prevent it from 
crushing or pulling through the wood. Unfortunately another washer 
on top would obscure the area requires for labelling the joints.
Figure 5.65 Final Joint Top Figure 5.66 Final Joint Bottom
Figure 5.67 Final Joint Variations
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5.4.2 Final Joints
Th e sandwich layering method arrived at during the model iterations 
introduced joints at fi ve diff erent depths as opposed to the single depth that 
would have been required for single strip to single strip connections. Th ere are 
actually 11 unique joint conditions but they can be accommodated with only 4 
diff erent fastener depths. (Figure 5.68)
Th e fi nal joint uses custom cut acrylic washers to distribute the force of 
the pop rivet across the wood strip and prevent it from pulling through. Th e 
acrylic washers are lighter than the metal washers and create a slightly looser 
joint than the metal washers, which allows for rotation in the joint to prevent 
the accumulation of stress within the lattice. 
It was also important that the washers be transparent as they were glued 
onto the surface of the wood to reinforce the holes, and would have otherwise 
covered the hole labels.
Th e aluminum pop rivets would sometimes pull through acrylic due to 
its relative softness so another small aluminum washer was introduced on the 
bottom of each joint assembly.
Figure 5.68  Joint Variations
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5.5 | Fabrication
Th e algorithmic process was developed such that fabrication data could 
be extracted from the computational model and used to drive cnc machines. 
Th is was used for the construction of the scale models but unfortunately the 
cnc router and laser cutters available did not have large enough beds to process 
the material used for the installation. As an alternative the fabrication data was 
transferred into large 1:1 scale templates that were used to fabricate the members 
by hand. Below is a step by account of the fabrication process:
True Edge:
• Th e stock material was 14’ long 1/16” white ash veneer that ranged 
from 7 – 10” wide. Th ey were sliced from a log using a large veneer 
cutting machine. Th e veneers were not clipped at the mill and thus still 
had the tapering profi le of a log with irregular edges. To cut straight 
strips from the veneers a true edge was required that could ride against 
the fence of the table saw. To achieve this, the 14’ long veneers were 
stacked and clamped between four long shelf boards. Th is put pressure 
on the veneers to prevent tear out and provided a straight edge to guide 
the router. 
Strips:
• Th e veneers were then cut into 50mm wide strips using a small table 
saw. Th e sides were sanded smooth to prevent splitting at the edges 
during bending, and to prevent slivers during assembly.
Figure 5.69 1/16" White Ash Veneer (7” x 14’)
Figure 5.71 Cutting a True Edge Figure 5.70 Ripping the Strips
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Joint Data:
• Th e form of the surface structure was highly dependent on the relative 
location of the joints and the distances between them. Th is made 
it very important to translate the joint information with a very low 
margin of error.
• To improve accuracy and accelerate the process of translating the 
information from the templates to the strips a custom tool was made. 
• Th e tool aided with alignment with the template, centering on the 
strip of wood, and translation of the intersection angle data.
• It was cut and etched using the laser cutter and black paint was rubbed 
into the etched areas to make them more visible.
Figure 5.72 1:1 Fabrication Templates Figure 5.73 Fabricaiton Template and Joint Transfer Tool
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Figure 5.74 Joint Data Transfer Tool Drawing




• After all 1800 nodes were marked and labelled the holes were drilled 
using a drill press. 
Ends:
• After the strips were cut to length using a hand shear press, they were 
stacked, centered using a small dowel and secured with tape.
• Th e ends of the strip were then rounded using a vertical belt sander.
Washers/Spacers:
• It wasn’t possible to fi nd transparent plastic washers that were of the 
appropriate diameter and thickness to serve as both washers and spacers. 
• As an alternative the washers were custom cut from 1.5mm acrylic sheets 
using the laser cutter. 1.5mm was very close to the thickness of the veneer 
so it was possible to stack the washers to serve as spacers as well. (see joint 
details)
• When white ash veneer cracks it has a tendency to run. Th ere was concern 
that the stress concentrations at the joints would induce splitting. To 
address this, the acrylic washers were glued onto the veneer to reinforce 
the holes.
Figure 5.76 Drilling Holes and Rounding Ends of Strips
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5.6 | Assembly: 
Th e assembly process was carefully considered throughout the development 
of the algorithm and refi nement of the installation. Th e constraints established 
within the generative algorithm, the layering strategy and labeling system all 
contributed to a simple and straightforward assembly process. 
A series of assembly drawings were made that clarifi ed the location and 
orientation of each strip within the lattice. (Figure 5.77) During the assembly 
process it quickly became clear that these drawings were not necessary as all the 
information required for assembly was in place on the components themselves. 
Th e addition of a new member to the lattice typically went as follows:
• From looking at the lattice it was possible to see the paths of the strips 
that had not been added from the alignment of the holes across the 
lattice.
• To determine which strip was required, one could look at the target 
label of any of the holes in a particular series, which would provide the 
layer and strip ID numbers. Th e upper and lower strips could then be 
selected from their sorted piles.
• Th e strips would then be placed above and below the lattice and 
aligned with the holes. A rivet would then be thread through each hole 
and secured using the rivet tool.
• Th ere was some diffi  culty in aligning some of the holes which led to 
splitting of the members in a few instances. Th is was likely due to the 
margin of error in the generation of the geodesic curves. Th is could 
be improved by using more powerful computers that would allow for 
a smaller step size for the incremental growth of the geodesic curves.
 Typically to construct a free form double curved surface structure of this 
nature in wood, accurate formwork is required that is used to guide the assembly 
of the structural members. Th is method requires no formwork as the form is 
embedded within the relationships between the pin jointed members.  As the 
assembly process progressed the structure became stiff er and stiff er and the 
intended form of the lattice slowly emerged.
107Figure 5.77  Assembly Diagrams
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Figure 5.78 Timelapse Assembly Photos
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5.7 | Finished Installation
110
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pattern on the right as an alternative the pairs of strips on all layers would have 
the same moment of inertia, while maintaining the same connections between 
layers. 
 
Constructing the 16’ long lattice provided the end goal that drove the 
refi nement of the overall system. From the development of the generative 
algorithm to the iterations of joint details, the installation clarifi ed the issues that 
need to be addressed in the design and construction of the lattice. Th e building 
process itself also granted the opportunity to obtain an intuitive knowledge of 
the material and the overall structural behaviour of the system.
Most importantly the installation demonstrated the eff ects of scaling on the 
behaviour of the structure, which led to increased defl ection and local buckling. 
Th ese eff ects can be extrapolated to larger scales and taken into consideration 
when designing a similar structure at a building scale.
Th ere were three strategies for improving the system that were arrived at 
via the construction and observation of the installation. Th e fi rst would be 
to incorporate blocking within the generative algorithm to stiff en members 
spanning long distance and to avoid local buckling. Th e second would be 
to adjust the layering strategy so that all the pairs of members have the same 
stiff ness, and lastly to increase the accuracy of the geodesic lines by reducing the 
incremental step size used in their generation.
Observations
A suspended surface was designed for the installation to assess the degree 
to which the form could maintain its shape without external constraints, an 
unlikely situation in most architectural applications but necessary to test the 
limits of the system. Th e fi nished surface was very similar to what was intended 
as it defl ected close to the predicted amount and the interconnections of the 
structural members did produce the required curvature in the surface. However, 
there were a few deformations in the surface that arose for a number of reasons. 
Th e wood strips located at the boundary of the surface experienced local 
deformations. Th is was likely caused by an imbalance of stiff ness between the 
internal members of the surface and the boundary strips. Th is imbalance arose 
because the boundary curves are on the fi rst layer and have a lower moment of 
inertia than all other layers. (Figure 5.59) Th is issue could be addressed by either 
restraining the boundary conditions, or using a diff erent layering strategy that 
would give each pair of members the same moment of inertia. 
Th e increase in moment of inertia of each layer from one to fi ve also created 
an imbalance within the overall structure and skewed the resultant form away 
from what was intended. For example, the third layer of strips possess a greater 
moment of inertia than the fi rst and second layer and they also have a directional 
bias, this over strengthens the structure in the general direction of the third layer 
strips and introduces a twist in the lattice.
An alternative layering strategy would address this issue also. Th e layering 
strategy currently follows the pattern on the left in Figure 54. By using the 
Figure 5.79  Global  Deformation and Boundary Deformation Figure 5.80  Current and Alternative Layering Strategy
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5.8 | Building System
 
While the focus of this thesis was to develop the algorithmic process 
and evaluate its eff ectiveness through the construction of the architectural 
installation, the ultimate intention of this research is for the material system to 
be applied at a building scale.
Th e most important consideration is that the stiff ness of a structural 
member does not scale linearly in relation to its overall dimensions. For example, 
the increase in defl ection due to self-weight of a simple beam accelerates relative 
to a linear increase in scale of its breadth, depth and span. Th is means that if 
the installation were simply scaled up it would behave diff erently and undergo 
larger defl ections.
Th e precise determination of member sizes for surface structures of a 
building scale would require detailed structural analysis. Th is would be rather 
diffi  cult considering the multi-layered irregular arrangement of the highly 
interconnected structural members. Th is would certainly require the expertise of 
an experienced engineer, and is beyond the scope of this thesis. As an alternative, 
to demonstrate the feasibility of the system at larger scales and approximate the 
sizing of structural members, a number of precedent projects will be examined 
to address some of the challenges involved with the scaling up of these structures.
For buildings of modest spans, like garden pavilions or small courtyard 
enclosures, the timber strips would be fabricated from plywood, while larger 
scale structures, similar to the Centre Pompidou Metz would require glue 
laminated structural members. 
Th e use of plywood for structures may seem unfeasible, but recent research 
conducted at Stuttgart University  demonstrates that the use of plywood in 
building scale surface structures is in fact possible. At Stuttgart University 
the 2010 ICD/ITKE Research Pavilion by Achim Menges and Jan Knippers 
exhibits the abilities of plywood in an incredibly light, bending active structure. 
Th e surface is composed of 6.5 mm thick strips of elastically bent birch 
plywood.(Figure 5.81) Th e surface achieves its stiff ness by coupling the bending 
and tension of adjacent strips to essentially pre-stress the members. Th e span 
between the inner and outer rings of the toroidal shell is approximately 4.5m. 
Th is provides an approximate member size to span ratio that could be achieved 
using the stochastic lattice system at a similar scale.
Figure 5.81  ICD/ITKE Research Pavilion 2010
Figure 5.82  Min Bending Radii Plywood and Glulam
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One of the signifi cant diff erences that would result from the use of plywood 
is the change in the minimum radius of curvature attainable by the timber strip. 
Th e minimum radius for 6.5mm birch plywood is approximately two feet 
(610mm)(Figure 5.82) Th is is still a rather tight radius, which creates a large 
design space of potential surface forms. Th e minimum radius of curvature of the 
surface can even drop signifi cantly below 610mm in some areas and depending 
on the angle that a timber strip crosses the surface it can avoid the tightest radii. 
(image) As the span of the building increases, so to would the thickness of the 
plywood required and the minimum curvature radii. (Figure 5.83)
Based on the sandwich confi guration outlined in the previous section, 
each structural member is actually composed of two timber strips running 
above and below one another. Th ey essentially form an i-beam, but without 
the webbing between the fl anges. Th is proved to be an issue even within the 
installation prototype. Th e potential strength gained from off setting the two 
fl anges is meaningless without a method of transferring the longitudinal shear 
stress between the members. In the installation it was clear that shear was being 
transferred at the joint but in long spans free of connections local buckling 
would occur, which would cause deformations and defl ection of the overall 
surface. Th e Centre Pompidou Metz had the same issue and addressed it by 
simply adding shear blocks to areas prone to buckling (Figure 5.84). It would 
be quite simple to incorporate the need for blocking within the generative 
algorithm and assembly routines of the system. 
Another alteration that would need to occur would be the connection 
details. Th ey would still be simple pin connections but would need to be more 
robust. Th is could be attained by using a threaded rod, fastened with nuts at 
both ends, large diameter fl at washers to distribute the stress as much as possible, 
and disc springs to allow for the expansion and contraction of the wood while 
maintaining a tight joint. (Figure 5.85)
If the scale of the building were to exceed the structural capacity of plywood, 
glue laminated timber would be required as an alternative. However this would 
signifi cantly alter the design, fabrication and assembly of the structure. For a 
building of a scale comparable to that of the Centre-Pomidou, its structural 
members would also need to be of a similar scale. To attain spans of up to 
50m, the structural lattice was composed of six layers of 140mm x 440mm glue 
laminated timber girders. With material of this thickness, it would be impossible 
to bend the members and fasten them into place on site. Th e timber strips would 
Figure 5.83  Min Bending Radii of Plywood
Figure 5.84  Shear Transfer Blocks in the Centre Pompidou
Figure 5.85  Plywood Structure Joint Detail
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need to be prefabricated to match the curvature of the surface. Fortunately these 
glue laminated members built up from small linear sections of timber, would 
still conform to the same material limitations captured by the geodesics within 
the generative material system. Th e members would be glued and formed using 
adjustable jigs, and would require no formwork or subtractive milling to attain 
their fi nal form.
As a result of the pre-formed rigid structural members, the structure would 
no longer rely on the interconnectedness of its fl exible members for its rigidity. 
Th is would reduce the reliance of the structure on boundary constraints and 
double curvature to maintain its shape, further expanding the potential for 
formal exploration.
Th e minimum radius of curvature for glue laminated timber is a function 
of the thickness of the laminations. Th e general rule of thumb is a ratio of 1:100 
for lamination thickness to radius of curvature.1 Technically you can build up 
thick structural members from thin layers of veneer or plywood to attain very 
tight curvatures. However, this is a rather costly and labour intensive process. 
Glue laminated timber girders are typically made from ¾” (19mm) pine stock, 
which would be capable of attaining an approximately 2m bending radius. Th is 
would accommodate a wide variety of surface forms. 
Th e issue of shear transfer would be similar to that in the plywood structures 
and could be addressed using shear blocks as in the Centre Pompidou. Th e joint 
details would be similar but would likely need to be heavier, and the holes may 
need to be reinforced, as in the timber girders of the Centre Pompidou. (Figure 
5.87)
Another major consideration to be made in the building scale application of 
the material system is that of enclosure. Wood structures are highly susceptible 
to deterioration if not protected from the elements, and for these buildings to 
function as interior space they require a weatherproof skin. Th e Mannheim 
Multihalle and the Centre Pompidou both serve as excellent precedents in this 
area. Th eir structures are wrapped with ETFE membranes that protect the 
wood and interior spaces from wind, rain, snow and uv radiation.(image) A 
separate issue from enclosure is insulation. Both of these structures are in cities 
that experience cold winters and snow, but neither are insulated. Th e Manheim 
Multihalle is a semi-enclosed garden pavilion that has conditioned buildings 
within. Th e Metz Pompidou requires carefully controlled interior environments 
1  American Forest and Paper Association, 1999.
Figure 5.86 140 x 440mm Timber Girders
Figure 5.87  Hole Reinforcement
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for its art collection and visiting exhibitions, but the functions are typically 
accommodated by the interior volumes that are compartmentalized and 
separately conditioned. Th e open spaces in both projects are not meant to be 
totally indoors in the traditional sense. Th ey are viewed as semi-outdoor spaces, 
which greatly relaxes the need for an air tight well insulated envelope. Th e issue 
of insulating free form timber surface architecture presents a signifi cant gap in 
knowledge that would benefi t from further research.
Figure 5.88 ETFE Membrane of the Cetre Pompidou Metz






Th e stochastic lattice system demonstrates that expressive form and material 
economy are not opposing design objectives in timber surface architecture. To 
attain both, the system was developed to distribute material across free form 
surfaces as effi  ciently as possible, using only simple structural members that are 
easy to fabricate with little waste. Th is required the simultaneous consideration 
of material limitations and structural performance. Th e fi eld of computational 
morphogenesis off ered an alternative design paradigm well suited to addressing 
this challenge. 
Morphogenetic design views buildings as dynamic material systems, 
as opposed to static assemblies of components. Th ese systems integrate 
considerations of material, geometry, fabrication, assembly and performance 
within a single algorithmic process. Th e pursuit of such a high level of integration 
was inspired by morphogenesis in biological structures, where material, structure 
and form are not separate, but highly interdependent elements. Th e growth and 
adaptation of natural structures serves as an interesting model for the artifi cial, 
as they typically use material and energy far more eff ectively. 
As a morphogenetic material system, the computational model simulates 
natural growth processes driven by internal material constraints while being 
infl uenced by external forces. It simultaneously considers material behaviour 
and structural performance, to avoid material intensive fabrication processes 
and wasteful distribution of material throughout the structure. Geodesic curves 
were used to embed the physical limitations of wood within the generative 
rules of the system, while fi nite element analysis provided the means to adapt 
the density of load bearing material in response to stress variations within the 
surface.  Th e fi brous structures of trees and bones served as direct inspiration 
for the system, as they continuously remodel themselves in response to changes 
in the forces acting upon them, which ensures their resources are being used as 
eff ectively as possible. 
Th e generative algorithm employs a stochastic process of growth and 
selection. Th e growth function entails the creation of thousands of geodesic 
curves on the surface in keeping with the bending and twisting behaviour 
of timber strips. Th e selection function tests each of these geodesics against 
various other fi tness criteria that cannot be captured in the active generation of 
each curve. Rather than immediately creating suitable geometry, the power of 
computation is used to generate a large population of potential candidates that 
are subsequently tested against a number of material limitations and fabrication 
constraints. Th e result of the algorithm is a centerline model for a light timber 
lattice, composed of layers of wood strips that are highly interconnected in an 
irregular pattern to form a robust structural network. 
Unlike the Centre Pomidou Metz, the developed system only generates 
structural members that are possible to fabricate from simple linear elements 
of wood. Th is reduces the material required to fabricate a given structure by 
up to fi fty percent in avoiding the substantial waste incurred in subtractive 
fabrication processes.  Th e designers of the Centre Pompidou also created a 
uniform distribution of load bearing material throughout the structure despite 
its highly irregular loading conditions. Th is means that the timber girders were 
sized and spaced to satisfy the areas of greatest stress within the structure, before 
being applied evenly to areas of lesser stress. In contrast, the developed system 
distributes material as a function of stress within the structure to ensure more 
material is placed where it is needed, and less where it is not. In analyzing the 
results of the system it was approximated that an additional 20% percent of 
material was saved by arranging structural members in response to variations in 
loading conditions.
Th e creation of free form timber surface architecture that avoids substantial 
material waste preserves the ecological benefi ts of using wood in these structures. 
Th is also realigns free form surface architecture with the design objectives of 
structural lightness and material effi  ciency imparted by the legacy of thin shell 
structures; with the added benefi t of formal fl exibility in responding to a much 
broader variety of design aspirations.  
6.1 | Taking it Further
6.1.1 Immediate Future
Th ere are number of ways that the system could be taken further with 
additional research and development. Th e system would benefi t from more 
accurate material simulation and analysis of the lattice itself rather than the 
base surface. Active simulation and analysis providing feedback between the 
resultant geometry and the allocation of the material during the unfolding of the 
algorithmic process would likely yield more fi nely tuned results. Th is would also 
establish a two way dependency between material behaviour and form, rather 
than the form being frozen before the algorithm begins.
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6.1.2 Near Future
As of now the generative algorithm emulates a growth process within a virtual 
environment. Th e process relies heavily on simulation to capture and predict the 
behaviour of the material and the infl uence of external forces upon it. Th e work 
of Gramazio and Kohler in robotic fabrication and adaptive structural assembly 
off ers a promising alternative to the current approach. Th eir work explores the 
use of 3d scanning equipment to provide feedback during the automated process 
of assembly. Th is method could potentially be combined with the stochastic 
lattice system to actively adapt the assembly of material in the real world, based 
on the deformation of previously laid members. Th is would eff ectively move 
the process of simulation and structural analysis out of the computer and into 
reality, with the material itself providing the computation. Th is would take into 
account the myriad of infl uences aff ecting the behaviour of the material with 
one hundred percent accuracy rather than approximating only a limited number 
of those forces. With further development, the stochastic lattice system could be 
equally well suited to driving robotic fabrication and assembly in the real world 
as it to simulated materialization in a virtual environment.
6.1.3 Distant Future
Looking even further ahead, rather than these processes being executed 
by robots acting externally upon the material, the assembly process could be 
executed by the material itself. Kasper Stoy and Skylar Tibbits are exploring 
this concept via their research in the fi eld of robotic self-assembly at MIT. 
With the long term goal of creating materials that build themselves, their work 
has signifi cant implications for the future of architecture. Imaging a world of 
programmable matter, generative design systems like the one developed in 
this thesis will be critical in the creation of built form. Material itself will be 
embedded with design objectives and generative instructions, which will drive 
the process of self-assembly, and as it propagates it will sense and adapt to 
the external infl uence of its surrounding environment. When this is achieved 
architecture will eff ectively parallel natural morphogenesis, and the role of the 
architect will no longer be to design, analyze and build, but rather to incite and 
guide a process of growth. Perhaps then we will attain the infi nite renewability, 
and resource effi  ciency so common in the natural world.
Th e system is also an ideal candidate for evolutionary optimization. Like the 
structural members are generated and selected for within a stochastic process, 
the resultant geometry could be selected for at the population level. Hundreds 
or even thousands of lattice structures could be generated, and tested against 
various fi tness criteria. Th e structures that perform poorly would be killed off , 
while those that perform well would be “bred”, or in other words, their input 
variables (genes) would be blended together to generate new structures that 
perform better. As this process is repeated the results will converge toward an 
ideal solution.
Th e system could also be expanded to include environmental infl uences 
other than the force of gravity. Th e distribution of material across the surface 
could also adjust its porosity in response to sunlight, air and views. With the 
integration of structure and skin into a single envelope, the lattice must be 
able to respond to a variety of design objectives typically addressed by separate 
systems.
Th e ability of this system to lessen the burden of straying from ideal 
structural forms in the design of surface structures opens great potential for 
formal exploration. With this freedom comes the need for alternative form 
drivers. To avoid the purely formalist creation of timber surface architecture, the 
system must be coupled with a theory of form making. 
Likely the most critical next step in the development of this system would 
be to apply it at a larger scale. Th e ultimate goal of the system is for full scale 
building applications. Th is would require more rigorous engineering, and the 
construction of large scale prototypes. Th e next stage would be to test the 
system at the scale of a pavilion. Th is would provide the means to evaluate the 
challenges of scaling in terms of member sizing, self-weight, fabrication, joint 
detailing and assembly. To broaden the potential building scale applications the 
system will also require strategies for multi-storey, conditioned buildings which 
would introduce a variety of technical challenges to be overcome. Th ere is much 
work to be done, but the potential for an open and adaptive system for light and 
material effi  cient free form timber surface architecture is very promising.
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Appendix
Th is appendix contains commented code for the sub procedures within the test geo function. (VB.NET) See page 92 for the test geo function fl ow chart.
Density Test 1 Function 
 































This function tests the current geodesic sub segment for intersections with all the existing geodesic lines on the current layer. If there are intersections the function 
returns “True”, if there are not it returns “False”. 
129
Joint Interference Test 
 




Density Test 2 
This function tests the intersections between the current sub segment and all geodesic 2 or more levels below the current level to see if they conform to the density 
map. 
133
